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ABSTRACT
Evaluation of the antidepressant potential of dextromethorphan
Linda Nguyen
Depression affects more than 350 million people and is the leading cause of disability worldwide.
Major challenges in the management of depression remain the 4-12 weeks of delayed efficacy and 30% of
patients who are resistant to the therapeutic effects of current pharmaceutical treatments. We herein
examined whether dextromethorphan (DM) may be able to take on these challenges, because 1) it has
overlapping pharmacology with ketamine, which has shown rapid (within 24 hours) antidepressant
effects, even in treatment-resistant individuals; 2) unlike ketamine with its notable abuse liability and
adverse effects, DM is an over-the-counter antitussive with a high safety margin; and 3) DM binds to
several protein targets which are similar to conventional medications as well as distinctive from them,
affording possibilities of efficacy in treatment-refractory depression (TRD). The antidepressant-like
effects of DM were determined in mice in the forced swim test (FST) and tail suspension test (TST), the
two most validated animal models for predicting antidepressant actions. Next, the role of sigma-1 and
AMPA receptors in the antidepressant-like effects of DM was examined because mounting evidence
suggests that these novel mechanisms contribute to a faster onset of antidepressant efficacy. We also
assessed in vivo and in vitro whether DM can promote neural adaptations, which is thought to be a final
common pathway for fast acting and conventional antidepressants. Finally, since DM undergoes
substantial first-pass metabolism to active metabolites, we evaluated the impact of metabolism on the
antidepressant-like effects of DM to determine whether the DM effects are likely mediated through itself
or its major metabolites. Our results revealed that DM produces antidepressant-like actions in both the
FST and TST, similar to the fast acting and conventional antidepressant controls represented by ketamine
and imipramine. Whereas the antidepressant-like effects of DM were blocked by pretreatment with a
sigma-1 receptor antagonist (BD1063) or AMPA receptor antagonist (NBQX), the antidepressant-like
effects of ketamine were blocked with only NBQX; neither antagonists attenuated the antidepressant-like
effects of imipramine. This indicates while only AMPA receptors may play a significant role in mediating
the antidepressant-like behaviors of ketamine, both AMPA and sigma-1 receptors may have pivotal roles
for DM. Moreover, ketamine rapidly increased hippocampal pro-BDNF levels (within 40 minutes),
whereas DM and imipramine did not alter pro-BDNF or BDNF levels in mouse hippocampus or frontal
cortex, two key brain regions implicated in depression, in the same time frame. In an in vitro model of
neurite growth, however, all three drugs potentiated NGF-induced neurite outgrowth, suggesting DM may
work through other trophic factors (e.g., NGF) to facilitate antidepressant-relevant neural adaptations.
Lastly, slowing down the metabolism of DM potentiated its antidepressant-like effects, indicating DM
rather than its metabolites is the primary mediator of the antidepressant-like effects observed herein.
Overall, our results indicate DM produces antidepressant-like effects through mechanisms that overlap in
part with ketamine. Taken together with a recent clinical report of DM’s efficacy (some within 1-2 days)
for treatment-resistant bipolar depression, these data suggest DM may not only elicit antidepressant
effects faster than the currently approved medications, but also have efficacy in TRD.
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CHAPTER 1
Introduction

1

1.1. Depression
Affecting up to 350 million people and standing as the leading cause of disability worldwide
(WHO, 2012), depression is a serious, debilitating and costly mental illness. Also called major
depression, major depressive disorder (MDD) or clinical depression, in the US, it affects 5-12% of men
and 10-25% of women during their lifetime (Kessler et al., 2003; Valenstein et al., 2001); and many more
have depressive disorders that fall short of the criteria for MDD. According to the Diagnostic and
Statistical Manual of Mental Health, Fifth Edition (DSM-V), the diagnosis for MDD requires either
depressed mood or anhedonia, along with five or more of the following symptoms: 1) sad or irritable
mood; 2) loss of interest in most activities; 3) fluctuations in weight and/or appetite; 4) insomnia or
hypersomnia, 5) psychomotor agitation or retardation; 6) fatigue or loss of energy; 7) inappropriate guilt
or feelings of worthlessness; 8) diminished attention and/or cognition; and 9) recurrent thoughts of death
and/or suicide ideations (American Psychiatric et al., 2013). These symptoms must occur nearly every
day throughout a 2-week period which cannot be explained by other medical conditions (American
Psychiatric et al., 2013). A small percentage of patients with MDD have had or will have manic episodes
consisting of hyperactivity, euphoria, and an increase in pleasure seeking (Belmaker, 2004). Although the
underlying pathophysiology in these cases and in cases of MDD have some overlap, a history of mania
defines a distinct illness termed bipolar disorder (Belmaker, 2004).
MDD is defined by the occurrence of at least one major depressive episode; but for most people,
MDD is a life-long episodic disorder with multiple recurrences (average one episode in every 5-year
period), with approximately 20-25% of MDD patients experiencing a chronic, unremitting course
(Mueller and Leon, 1996). The chronic and recurrent course of MDD is a major clinical issue, often
requiring long-term prophylactic treatment (Fava and Kendler, 2000). This adds to the substantial
economic burden imposed by MDD, which is associated with functional impairment and decreased
productivity. In the US direct costs of depression were $26 billion while indirect costs accounted for more
than $50 billion in 2000 (Wade and Haring, 2010).
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1.2. Available treatments for depression and their limitations
Several approved treatment approaches to MDD are currently available. These approaches
include antidepressant medications, psychotherapy, electroconvulsive treatment (ECT), and other somatic
therapies. Table 1 summarizes the advantages and disadvantages of these treatments.
In the realm of psychotherapy, two types of time-limited (typically up to 16 weeks)
psychotherapy have been shown consistently to be effective in treating MDD: interpersonal
psychotherapy and cognitive behavioral therapy. While psychotherapy and pharmacological interventions
in primary care have comparable efficacy in reducing symptoms of mild to moderate depression (Wolf
and Hopko, 2008), combined therapy with pharmacotherapy is considered to be superior to psychotherapy
alone for treatment of more severe, recurrent depressions (Thase et al., 1997).
Many randomized controlled trials (RCTs) have established the efficacy of antidepressants and
ECT for MDD. Unfortunately, in addition to the need to administer the drugs for weeks or months before
seeing clinical benefits, up to two-thirds of patients remain symptomatic following first-line treatment
(Trivedi et al., 2006), and up to a third of patients show little to no improvement despite multiple
treatments (Schlaepfer et al., 2012). This latter group is said to have treatment-refractory depression
(TRD), often defined as a failure to produce significant clinical improvement from at least two trials with
antidepressants from different pharmacological classes (adequate in dose, duration, and compliance)
(Berlim and Turecki, 2007). Since the mid-1960s, a large body of evidence has concluded that ECT is the
most effective acute treatment for MDD. In studies that have ECT with placebo and antidepressant
medications, approximately 70-80% of patients respond to ECT, 30-52% to antidepressants, and 25-45%
to placebo (Association, 2008). Moreover, about 50% of patients show therapeutic response by session 3
(within 1 week) of ECT (Husain et al., 2004; Shapira and Lerer, 1999). Despite the superior and quicker
onset of efficacy with ECT, cognitive and memory side effects can be significant and sometimes
persistent (Association, 2008; Sackeim et al., 2007). The effectiveness of other and more recently
approved somatic therapies (vagus nerve stimulation and repetitive transcranial magnetic stimulation in
2005 and 2008, respectively) has not been as well-established (Holtzheimer and Mayberg, 2011).
3

Table 1. Currently approved treatments for depression. 5-HT, serotonin; NE, norepinephrine; DA, dopamine; CNS, central nervous system.

Treatment
Pharmacotherapy
5-HT reuptake inhibitors
(SSRIs):
Citalopram, escitalopram,
fluoxetine, fluvoxamine,
paroxetine, sertraline

5-HT/NE reuptake inhibitors
(SNRIs):
Desvenlafaxine, duloxetine,
venlafaxine, levomilnacipran
Monoamine oxidase (MAO)
inhibitors:
Isocarboxazid, phenylzine,
tranylcypromine, selegiline
(selective for MAO-B)

Proposed mechanism of action
(or procedural description)
Selectively inhibits reuptake of 5HT

Inhibits reuptake of 5-HT and NE

Nonselectively inhibits enzymes
(MAO-A and MAO-B) involved in
breakdown of monoamines

Advantage



First-line treatment choice
Low side-effect profile
(especially vs. tricyclics)



Low side-effect profile
(especially vs. tricyclics)




Tricyclic and tetracyclic
antidepressants:
Amitriptyline, desipramine,
doxepin, imipramine, maprotiline,
nortriptyline, protriptyline,
trimipramine
NE/DA reuptake inhibitor:
Bupropion

Nonselectively inhibits reuptake of
monoamines



Particularly effective in
atypical MDD (i.e., mood
reactivity accompanied by
hyperphagia, hypersomnia,
extreme fatigue, and/or
hypersensitivity to rejection)
Some efficacy in treatmentrefractory cases
Used to be gold standard of
pharmacological treatment

Disadvantage













Mild DA & NE reuptake inhibitor
(DA > NE); nicotinic acetylcholine
receptor antagonist





Little or no sexual side effects
or weight gain
Used for smoking cessation
Used in combination with
SSRI to treat SSRI-induced
sexual dysfunction
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Sexual side effects (delayed
ejaculation, anorganismia)
Weight gain
CNS effects (insomnia,
somnolence, temporary
anxiety, headache)
5-HT syndrome
Sexual dysfunction, weight
gain, insomnia, somnolence
Dose-related increase in blood
pressure
Dietary restriction: avoid
tyramine containing foods
(e.g., aged cheese, red wine,
and certain meats)
Irreversible enzyme inhibition
requires careful considerations
when taking other drugs
Considerable off-target
antagonist effects (histamine
H1, alpha adrenergic, and
muscarinic receptors)
Respiratory depression and
arrhythmia can be fatal
Agitation, anxiety, restlessness,
insomnia, constipation, dry
mouth
Increased seizure risk
(contraindicated in bulimic
patients and patients with
epilepsy)
Twice daily dosing

5-HT antagonist and reuptake
inhibitor:
Trazadone, nefazodone

Antagonism of 5-HT2A, 5-HT2C
and alpha-1 adrenergic receptors;
nefazodone also inhibits NE
reuptake



Noradrenergic and specific
serotonergic modulator:
Mirtazapine

Inhibits the alpha-2 adrenergic
autoreceptor causing increase
release of 5-HT and NE;
antagonizes post-synaptic
5-HT2 & 5-HT3 receptors,
disinhibiting release of DA & NE in
reward circuitry

5-HT reuptake inhibitor and
5-HT1A receptor partial agonist:
Vilazodone
Psychotherapy
Cognitive behavioral therapy
Interpersonal psychotherapy

Somatic therapy
Electroconvulsive therapy

Repetitive transcranial magnetic
stimulation

Trazadone used for insomnia at
low dose with another
antidepressant agent on-board





May have faster onset of
antidepressant action (as early
as first week of treatment)



Potently and selectively inhibits 5HT reuptake; acts as a partial
agonist at the 5-HT1A receptor



Few sexual side effects



Nausea, vomiting, headache,
insomnia

Restructures negative thought
patterns
Focuses on the relationships
between a person and significant
others



First-line treatment for mild to
moderate depression in youths
Skills acquired can be extended
to coping with future stresses
and difficulties even after the
treatment has finished



Not effective in very severe
depression
Time consuming, especially
CBT
High motivation and
commitment required on part
of both patient and therapist

Application of an electric stimulus
to the surface of the head, with the
aim of inducing a seizure



Most effective treatment for
MDD to date
Indicated specifically in severe
psychotic depression



Short electromagnetic pulses are
administered through an
electromagnetic coil held against
the forehead, causing small
electrical currents that stimulate
nerve cells in a specific brain area




Noninvasive
Can safely be done as an
outpatient procedure
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Trazadone: sedation, dizziness,
priapism
Nefazodone: black box
warning of hepatotoxicity;
strong CYP3A4 inhibitor;
twice daily dosing
Antagonist at histamine H1
receptors, causing sedation and
weight gain

Cardiac arrhythmias and blood
pressure changes
Acute cognitive impairments
Anterograde or retrograde
amnesia
Headaches or scalp discomfort

Vagal nerve stimulation

A device (pulse generator)
implanted under the skin that sends
electrical pulses through the left
vagus nerve



Little or no evidence of
cognitive impairment
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Invasive procedure requiring
surgery
Voice changes or hoarseness,
neck pain, difficulty
swallowing, breathing
problems
Battery needs replacement
every 7–10 years

Overall, currently available treatments for depression are moderately efficacious, but side effects,
treatment resistance and/or delay in therapeutic efficacy remain significant problems. Importantly, current
medications are no more effective or different in mechanisms of action (targeting monoaminergic
systems) than those introduced over 50 years ago.

1.3. The promise and perils of ketamine
A major breakthrough in the treatment of depression came in 2000 with ketamine at subanesthetic doses reported as a fast acting antidepressant drug. Ketamine is an US Food and Drug
Administration (FDA)-approved anesthetic that has been used over the past 45 years in children and
adults at doses of 1-3 mg/kg (Haas and Harper, 1992). It acts as a high affinity, noncompetitive N-methylD-aspartate (NMDA) receptor antagonist, binding to the open channel conformation of the NMDA
receptor, at a site inside the calcium channel, which prevents the excitatory action of the neurotransmitter
glutamate (Stahl, 2013b). In a 2000 study, using a randomized, placebo, crossover design (N=8), Berman
and colleagues discovered that a low dose of ketamine (0.5 mg/kg) administered over a 40-min
intravenous (i.v.) infusion period produces rapid antidepressant response within 4 h of treatment, and that
this response is sustained for at least 3 d (Berman et al., 2000). This finding was replicated in a second
study in 2006 by Zarate and colleagues in patients with TRD (N=18), which reported an even more rapid
antidepressant effect (within 2 h) and a sustained effect for up to 7 d (Zarate et al., 2006). The primary
efficacy measure was the Hamilton Depression Rating Scale (HDRS), with clinical response defined as a
50% or greater decrease in the HDRS score from baseline, and remission defined as an HDRS score of 7
or lower. Notably, 71% of the ketamine-treated patients met response criteria and 29% met remission
criteria at 24 h after ketamine infusion; while no placebo-treated patients met response or remission
criteria (Zarate et al., 2006). Since these two major landmark studies, there have been numerous other
studies evaluating ketamine’s fast acting antidepressant response and the results have been consistent with
rapid reductions in depressive symptomatology. In the largest clinical trial of ketamine to date, patients
with TRD were randomly assigned under double-blind conditions to receive a single i.v. infusion of
7

ketamine or midazolam, an “active” placebo, in a 2:1 ratio (N=73) (Murrough et al., 2013a). In this study,
Murrough and colleagues demonstrated ketamine produced significantly higher response rates than
midazolam at 24 h (64% and 28%, respectively), with sustained effects for up to 7 d (Murrough et al.,
2013a).
Along with decreases in several depression rating scales, ketamine produces rapid reductions
specifically in suicidal ideation in depressed patients in open-label trials (DiazGranados et al., 2010b;
Price et al., 2009), and in naturalistic studies and case reports in emergency department settings (Larkin
and Beautrais, 2011; Zigman and Blier, 2013). Ketamine thus may offer an attractive intervention for
acutely suicidal depressed patients. It also resolves depressive symptoms as add on therapy to lithium or
valproic acid (VPA) for bipolar disorder (Cusin et al., 2012; Diazgranados et al., 2010a; Zarate et al.,
2012). Most recently, it has been shown to reduce symptoms of post-traumatic stress disorder (PTSD),
including a reduction in comorbid depressive symptoms, compared to the active placebo midazolam as
early as 24 h post-infusion (Feder et al., 2014).
Despite these promising results, ketamine has significant limitations for widespread use as a
treatment for depression. In a review of 205 ketamine infusions in 97 enrolled participants across 3
clinical trials at 2 centers, it was found that psychotomimetic symptoms, as measured by the Brief
Psychiatric Rating Scale (BPRS), and dissociative symptoms, as measured by the Clinician-Administered
Dissociative States Scale (CADSS), showed small, but significant elevations during the ketamine
infusions (Wan et al., 2014). Though these changes all resolved within 4 h post-infusion (Wan et al.,
2014), the psychotomimetic and dissociative effects are often part of a key predecessor to the mood
elevating effects (Luckenbaugh et al., 2014; Sos et al., 2013). In addition, ketamine induced transient
changes in hemodynamic measures in almost 30% of all participants, significantly elevating blood
pressure and/or heart rate and resulting in ketamine discontinuation in 2 of the 205 patients (Wan et al.,
2014). The most common side effects, as measured by the Systematic Assessment For Treatment
Emergent Effects Self-Report Inventory (SAFTEE-SI) or the Patient-Rated Inventory of Side Effects
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(PRISE), were drowsiness, dizziness, poor coordination, blurred vision, and feeling strange or unreal
(Wan et al., 2014).
In healthy subjects, along with psychotomimetic effects (Malhotra et al., 1996), sub-anesthetic
doses of ketamine have been shown to induce transient dose-related cognitive impairments in memory,
attention, and abstract reasoning (Newcomer et al., 1999; Perry et al., 2007). Of potentially greater
concern are the relatively unknown risks of repeated ketamine administration. The reported negative
consequences of prolonged use of high levels of ketamine include longer lasting cognitive impairments,
deterioration in psychological well-being, psychotic symptoms, intense abdominal pain, ulcerative
cystitis, and, in some instances, death (Morgan et al., 2012a). Studies examining the effects of repeated
ketamine exposure on brain structure have also reported disruptions of white matter integrity and cortical
atrophy in chronic abusers (Edward Roberts et al., 2014; Liao et al., 2011; Wang et al., 2013) and
hippocampal atrophy in rodent models (Schobel et al., 2013).
In depressed patients, Murrough and colleagues reported an acute, selective impairment in
memory recall 40 min after a single ketamine infusion (Murrough et al., 2013b). More extended followup in TRD patients given serial infusions of ketamine found no memory deficits at 4 weeks after the last
infusion in one study (Shiroma et al., 2014) or 12 and 26 weeks in another study (Diamond et al., 2014).
However, because there are no long-term studies of ketamine at low doses, particularly in mood disorder
patients, its full safety profile remains unknown. Whether the frequency and the length of continuing
treatment (e.g., maintenance) would cause temporary or permanent cognitive deficits requires further
examination. Moreover, ketamine (or “Special K”) is known to be a drug of abuse (Morgan et al., 2012b),
raising additional concerns that repeated administration of the drug could have a liability for drug abuse.

1.4. Ketamine: where do we go from here?
Efforts thus far to overcome the side effect liabilities of ketamine have focused on: 1) utilizing
alternate routes of administration and dosing to reduce the severity of the side effects, and 2) elucidating
the critical mechanism(s) of the ketamine effects in an effort to identify or develop new compounds with
9

better tolerability (e.g., compounds that target mechanisms downstream from the NMDA receptor). With
regards to the first strategy, several routes of administration have been tested, including oral, sublingual,
intramuscular and intranasal (Chilukuri et al., 2014; Cusin et al., 2012; Lapidus et al., 2014; Lara et al.,
2013; Paslakis et al., 2010; Zanicotti et al., 2012). Though less side effects are seen, oftentimes higher
doses or more frequent dosing are required with these different routes of administration. The second
strategy has stimulated exciting new avenues of research in drug discovery that could benefit patients in
the future and instigated numerous investigations into similar compounds, including dextromethorphan
(DM), a potential novel antidepressant drug that is the focus of this dissertation.

1.5. DM as a logical next step
DM offers tantalizing promise for four main reasons: 1) it is available over-the-counter (OTC) as
a cough suppressant for more than 50 years and has a wide margin of safety (Bem and Peck, 1992); 2) it
has overlapping pharmacology with ketamine that is relevant for antidepressant actions (Lauterbach,
2012; Stahl, 2013a), suggesting rapid acting potential; 3) it binds to several protein targets which are
similar to conventional medications as well as distinct from them, affording possibilities of efficacy in
TRD (Lauterbach, 2012); and 4) in a recent retrospective study, DM produced antidepressant effects
within a day or two in treatment-resistant bipolar depressed patients (Kelly and Lieberman, 2014).
We hypothesize that DM can activate sigma-1 receptors (a potential new target for antidepressant
drugs) and AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors (a critical
player in mediating ketamine’s antidepressant effects downstream of NMDA receptor antagonism) as
well as promote antidepressant-related neural adaptations (a final common pathway for conventional and
fast acting antidepressants) to ultimately produce antidepressant effects.
Several preclinical studies have been carried out in this dissertation to begin evaluating the
antidepressant potential of DM, with the following specific aims:
1. Determine the extent to which DM elicits antidepressant-like effects in vivo and evaluate the role
of sigma-1 and AMPA receptors in these effects (chapters 3 and 4).
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2. Demonstrate the ability of DM to stimulate antidepressant-relevant neural adaptations in vitro and
in vivo (chapters 5 and 6).
3. Since DM undergoes substantial first-pass metabolism, evaluate the impact of metabolism to
determine whether the DM effects are likely mediated through itself or its major metabolites
(chapters 8 and 9).
While chapter 2 details the pharmacokinetic and pharmacodynamic properties of DM and some
important clinical considerations, the remaining chapters serve to offer supporting preclinical evidence for
the antidepressant potential of DM. Uncovering DM’s potential for safe and fast acting effects and/or
efficacy in treatment-resistant individuals would improve the therapeutic armamentarium for depression
and impact public health tremendously.
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CHAPTER 2
DM as a potential safe and effective antidepressant
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2.1. History of DM
DM has been a widely used non-opioid antitussive for over 50 years. It was first developed as one
of two enantiomers of methorphan, a morphine derivative. DM is available in many OTC cough and cold
preparations worldwide and does not possess the same central nervous system (CNS) pharmacodynamic
effects of other opioids in humans (i.e., analgesia, respiratory depression or addiction) when taken at
therapeutic doses (60-120 mg/day in divided doses) (Banken and Foster, 2008). At high doses (from 5 to
over 10 times the label-specified maximum dosages), it acts as a dissociative agent similar to the NMDA
antagonists ketamine and phencyclidine (PCP) (Banken and Foster, 2008; Romanelli and Smith, 2009;
Schwartz, 2005). The levorotatory enantiomer of methorphan, levomethorphan, in contrast, is a low
potency opiate analgesic (Stahl, 2013a); and its use is strictly controlled as a narcotic drug.
Over the past 20 years, accumulating evidence suggest that DM has both anticonvulsant and
neuroprotective effects in numerous experimental models (Shin et al., 2011; Tortella et al., 1989; Werling
et al., 2007b). Moreover, DM in combination with quinidine, a strong cytochrome P450 (CYP) 2D6
inhibitor, was approved by the FDA and the European Medicines Agency (EMA) in 2010 and 2013,
respectively, for the treatment of pseudobulbar affect (PBA). PBA is characterized by sudden,
unpredictable and involuntary episodes of crying, laughing, or other emotional displays that are
exaggerated or incongruent with the mood and feelings of patients (Miller et al., 2011). It occurs
secondary to a neurological disease or brain injury, with an estimated prevalence of up to 50% in
amyotrophic lateral sclerosis and stroke, 39% in Alzheimer’s disease, 10-29% in multiple sclerosis, 517% in Parkinson’s disease, and 5-11% in traumatic brain injury (Miller et al., 2011). The combination
dose of 20/10 mg for DM/quinidine is approved in the US, while a 20/10 mg and 30/10 mg dose is
approved in Europe. Currently, DM is being used in clinical trials for a variety of CNS-related disorders,
including stroke, traumatic brain injury, seizure, pain, methotrexate neurotoxicity, Parkinson’s disease,
autism, and importantly, depression (NIMH, 2015).
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2.2. Pharmacokinetics and metabolism
DM is commonly used as a probe drug for CYP2D6 metabolizer status since it undergoes
extensive first-pass hepatic metabolism via O-demethylation to its active metabolite, dextrorphan (DX)
(Capon et al., 1996; Yu and Haining, 2001). DM is also metabolized to a relatively inactive metabolite, 3methoxymorphinan (3-MM), via CYP3A4 N-demethylation (Yu and Haining, 2001). These DX and 3MM metabolites can both undergo further metabolism to another relatively inactive 3-hydroxymorphinan
(3-HM) secondary metabolite via CYP3A4 and CYP2D6 demethylation, respectively (Yu and Haining,
2001). However, there is minimal free DX available for metabolism since this active metabolite is rapidly
glucuronidated and excreted in urine (Pope et al., 2004). A summary of the metabolic pathway for DM is
shown in Figure 1. DM and DX are both metabolized by CYP2D6, so it is useful to stratify
pharmacokinetic parameters based on extensive (“normal”) metabolizer (EM) or poor (“slow”)
metabolizer (PM) phenotype, and in some cases also intermediate metabolizer (IM) phenotype. In a study
on 252 Americans, 84.3% were found to be EMs, 6.8% to be IMs, and 8.8% were PMs of DM
(Woodworth et al., 1987). In a different study, EM subjects (N=6) given a single oral dose of 30 mg DM
have demonstrated a median half-life of 2.4 h with an oral bioavailability of 1-2%, while PMs (N=6) have
a median half-life of 19.1 h with an oral bioavailability of 80% (Capon et al., 1996). EM subjects have
also demonstrated a DM median Cmax of 1.4 mg/L with an AUC of 9.0 mg/L·h, while PMs have a
median Cmax of 23.0 mg/L with an AUC of 1,362 mg/L·h (Capon et al., 1996). After pretreatment with
quinidine, a strong CYP2D6 inhibitor, EM subjects demonstrated a DM median half-life of 5.6 h, AUC of
383 mg/L·h and a Cmax of 24.9 mg/L, which was not significantly different from the PM’s Cmax (Capon
et al., 1996).

2.3. Pharmacodynamics profile
DM has a complex and unique neuropharmacology that may underlie its apparent efficacy for
indications besides cough suppression. Though DM is derived from levorphanol, a mu opioid agonist, it
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Figure 1. DM demethylation pathways catalyzed by CYP2D6 and CYP3A4. DX is formed by CYP2D6mediated O-demethylation of DM. N-demethylation of DM to 3-HM is favored over N-demethylation of
DX given the relative Km values for the reactions and the ease with which DX is glucuronidated in vivo
(adapted from (Blake et al., 2007)). DM, dextromethorphan; DX, dextrorphan; 3-MM, 3methoxymorphinan; 3-HM, 3-hydroxymorphinan.
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has no agonist activity at the classic opiate (mu, kappa, delta) receptors and does not carry the full range
of CNS effects common to opioid agonists (e.g., analgesia, euphoria, respiratory depression), nor does it
carry the same risk of dependence or addiction (Banken and Foster, 2008; Codd et al., 1995; Duman et
al., 1988; Shin et al., 2011). DM binds to several other receptors and transporters in the brain, many with
nanomolar to micromolar affinities (Table 2). DM is a well-established, uncompetitive, low-affinity
NMDA receptor antagonist (Church et al., 1989; Church et al., 1985; Franklin and Murray, 1992; Netzer
et al., 1993). Noteworthy, this low-affinity binding to NMDA receptors by DM is therapeutically useful
because only low-affinity (vs. high-affinity) NMDA antagonists are generally tolerated by patients
(Palmer, 2001). DM is also thought to act as an agonist at sigma-1 receptors (Nguyen et al., 2014), and an
antagonist at nicotinic (alpha-3-beta-4, alpha-4-beta-2, and alpha-7) receptors (Damaj et al., 2005;
Hernandez et al., 2000; Lee et al., 2006). It may also inhibit the serotonin transporter (SERT) and to a
lesser extent the norepinephrine transporter (NET) (Codd et al., 1995) as well as voltage gated calcium
channels (VGCC) (Carpenter et al., 1988; Kamel et al., 2008; Kim et al., 2001). DM’s activity at other
protein targets remains to be characterized.

2.4. Proposed mechanisms of antidepressant action
DM has multiple properties in common with known antidepressants and also unique properties,
which may improve response in TRD cases (Lauterbach, 2012; Stahl, 2013b; Werling et al., 2007a).
Noteworthy, DM has been postulated to have rapid acting antidepressant activity based on
pharmacodynamic similarities to ketamine (Lauterbach, 2012). Unlike ketamine, however, DM is
available OTC and has a high margin of safety. A side-by-side comparison of DM, ketamine and
imipramine and their principal pharmacologic mechanisms of action are shown in Figure 2.

2.4.1. Monoaminergic system
The two original modern drugs used for the treatment of depression were the monoamine oxidase
inhibitor (MAOI) iproniazid and the tricyclic antidepressant (TCA) imipramine. Both compounds were
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Table 2. Binding affinities (Ki) for DM or DX. NC = no competition at 1 μM.
DM
NMDA (PCP)
NMDA
AMPA
Kainate
Glycine

Sigma-1

Sigma-2

DX

Rat Tissue

2120 ± 84 nM
7253 ± 302 nM
8945 ± 867 nM
8340 ± 495 nM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM

892 ± 108 nM
906 ± 77 nM
486 ± 68 nM
696 ± 87 nM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM

Hippocampus
Brain
Brain
Brain
Hippocampus
Cortex
Forebrain
Brain

150 ± 47 nM

118 ± 77 nM

Cerebellum

196 ± 74 nM

--

Pons

138 ± 48 nM

351 ± 39nM

Brain

161 ± 57 nM

481 ± 64 nM

Testes

142 ± 38 nM

344 ± 47 nM

Brain

180 ± 28 nM

294 ± 36 nM

Brain

403 ± 22 nM
214 ± 15 nM
205 ± 42 nM
652 ± 33 nM
>10,000 nM
217 ± 17 nM
528 ± 6 nM
NC at 1 µM
19,976 ± 2144 nM
22,864 ± 1917 nM
16,873 ± 2234 nM

--144 ± 37 nM
----NC at 1 µM
12,899 ± 2,015 nM
15,582 ± 2114 nM
12,987 ± 1975 nM

Brain
Liver
Brain
Brain
Brain Mitochondria
Liver Mitochondria
Liver Microsomes
Cerebellum
Brain
Testes
Brain
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Radioligand
[3H]MK801 + pentazocine
[3H]TCP
[3H]TCP
[3H]TCP
[3H]CGP39653
[3H]AMPA
[3H]Kainate
[3H]Strychnine
[3H](+)-Pentazocine +
Lu28-179
[3H](+)-Pentazocine +
Lu28-179
[3H](+)-SKF10,047 +
MK801
[3H](+)-SKF10,047 +
MK801
[3H](+)-SKF10,047 +
MK801
[3H](+)-SKF10,047 +
MK801
[3H](+)-Pentazocine
[3H](+)-Pentazocine
[3H](+)-SKF10,047
[3H](+)-Pentazocine
[3H](+)-Pentazocine
[3H](+)-Pentazocine
[3H](+)-Pentazocine
[3H]DTG + DuP734
[3H]DTG + (+)SKF10,047
[3H]DTG + (+)SKF10,047
[3H]DTG + (+)SKF10,047

Reference
(Werling et al., 2007a)
(Chou et al., 1999)
(Shin et al., 2007)
(Kim et al., 2003b)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Nam et al., 2012)
(Nam et al., 2012)
(Shin et al., 2007)
(Kim et al., 2003b)
(Fishback et al., 2012)
(Fishback et al., 2012)
(Chou et al., 1999)
(Klouz et al., 2002)
(Klouz et al., 2002)
(Klouz et al., 2002)
(Klouz et al., 2002)
(Werling et al., 2007a)
(Nam et al., 2012)
(Nam et al., 2012)
(Shin et al., 2007)

12,079 ± 1638 nM
>10,000 nM
>10,000 nM
11,060 ± 1320 nM
40 ± 7 nM

11,457 ± 1437 nM
--11,325 ± 1395nM
484 ± 116 nM

Brain
Brain
Liver
Brain
Hippocampus

23 nM*

401 nM*

Cortex

5-HT1A

NC at 1 µM

NC at 1 µM

Hippocampus

5-HT1B/D

61% at 1 µM

54% at 1 µM

Cortex

5-HT2
NET

NC at 1 µM
NC at 1 µM

NC at 1 µM
NC at 1 µM

Hippocampus
Cortex

240 nM*

340 nM*

Medulla/Pons

NC at 1 µM

NC at 1 µM

60% at 1 µM

SERT

Alpha-1
adrenergic
Alpa-2
adrenergic
Beta adrenergic
Mu opioid
Kappa opioid
Delta opioid
Nicotinic

Alpha-3-beta-4
nicotinic

[3H]DTG + (+)SKF10,047
[3H]DTG + pentazocine
[3H]DTG + pentazocine
[3H]DTG
[3H]Paroxetine
[3H]5-HT
*uptake rather than binding
assay
[3H]8-OH-DPAT
[3H]GR125,743

(Kim et al., 2003b)
(Fishback et al., 2012)
(Fishback et al., 2012)
(Chou et al., 1999)
(Werling et al., 2007a)
(Codd et al., 1995)
(Werling et al., 2007a)
(Werling et al., 2007a)

[3H]Ketanserine
[3H]Nisozetine
[3H]NE
*uptake rather than binding
assay

(Werling et al., 2007a)
(Werling et al., 2007a)

Hippocampus

[3H]Prazosin

(Werling et al., 2007a)

NC at 1 µM

Hippocampus

[3H]Yohimbine

(Werling et al., 2007a)

NC at 1 µM
1280 nM
7000 nM
11,500 nM
NC at 1 µM
<20% at 100 µM

35% at 1 µM
420 nM
5950 nM
34,700 nM
NC at 1 µM
<20% at 100 µM

Cortex
Forebrain
Forebrain
Forebrain
Forebrain
Transfected HEK-293
cells

[3H]Dihydroalprenolol
[3H]DAMGO
[3H]U69,593
[3H]DPDPE
[3H]Epibatidine

(Werling et al., 2007a)
(Codd et al., 1995)
(Codd et al., 1995)
(Codd et al., 1995)
(Werling et al., 2007a)

[3H]Epibatidine

(Hernandez et al., 2000)

8.9 ± 1.1 µM*

29.6 ± 5.7 µM*

Transfected HEK-293
cells

0.7 ± 0.1 µM*

1.3 ± 0.1 µM*

Transfected Xenopus
laevis oocytes
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*IC50 values (50% of
nicotine-stimulated 86Rb+
efflux)
*IC50 values (50% of
acetylcholine-stimulated
nicotinic current)

(Codd et al., 1995)

(Hernandez et al., 2000)

(Damaj et al., 2005)

Alpha-4-beta-2
nicotinic

3.9 ± 0.2 µM*

3.0 ± 0.5 µM*

Transfected Xenopus
laevis oocytes

Alpha-7
nicotinic

2.5 ± 0.2 µM*

4.3 ± 0.2 µM*

Transfected Xenopus
laevis oocytes

NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM

95% at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM
NC at 1 µM

Cortex
Cortex
Striatum
Striatum
Striatum
Cortex
Cortex

*IC50 values (50% of
acetylcholine-stimulated
nicotinic current)
*IC50 values (50% of
acetylcholine-stimulated
nicotinic current)
[3H]Mepyramine
[3H]Cimetidine
[3H]SCH23390
[3H]Spiroperidol
[3H]WIN35,428
[3H]Muscimol
[3H]Baclofen

NC at 1 µM

NC at 1 µM

Striatum

[3H]PN200-100

Histamine-1
Histamine-2
Dopamine-1
Dopamine-2
DAT
GABAA
GABAB
L-type Ca2+
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(Damaj et al., 2005)

(Damaj et al., 2005)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)
(Werling et al., 2007a)

Figure 2. Comparison of pharmacologic actions of DM, ketamine, and imipramine. The binding properties of the compounds are represented
graphically and semi-quantitatively. Each drug is shown as a blue sphere, with its most potent binding properties along the outer edge of the
sphere. Additionally each drug has a series of colored boxes associated with it. Each colored box represents a different binding property, and
binding affinity is indicated by the size of the box and the number of plus signs. Within the colored box series for each drug, large boxes with
more plus signs represent higher binding affinity, while smaller boxes with fewer plus signs represent lower binding affinity. The series of boxes
associated with each drug are arranged such that the size and positioning of a box reflect the biding potency for a particular receptor (adapted from
(Stahl, 2013a)). DM, dextromethorphan; NMDA, N-methyl-D-aspartate; SERT, serotonin transporter; NET, norepinephrine transporter; DAT,
dopamine transporter; D-2, dopamine D2.
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discovered serendipitously in the 1950s, with iproniazid being developed as a treatment for tuberculosis
and imipramine as an antihistamine but tested for schizophrenia due to the success of chlorpromazine
(Slattery et al., 2004). The discovery of the mechanisms of actions of these compounds led to the
monoamine-deficient hypothesis of depression, which proposes that the underlying biological or
neuroanatomical basis for depression is a depletion of central noradrenergic and/or serotonergic systems
and that increasing levels of these monoamines would correct the deficit and restore normal function in
depressed patients (Slattery et al., 2004).
DM binds to SERT with high affinity (K i = 40 nM) (Werling et al., 2007a), and has been reported
to inhibit synaptosomal uptake of serotonin (5-HT) (Codd et al., 1995). Moreover, there is
electrophysiological evidence that it can increase 5-HT release in rat brainstem slices (Kamei, Mori et al.
1992), which may be mediated through its interaction at the SERT and 5-HT1B/D receptor. DM also
binds to NET, though much more weakly (> 1 µM) (Werling et al., 2007a), and has been shown to
modulate norepinephrine (NE) reuptake (Codd et al., 1995). The ability of DM to increase the levels of
these key monoamines suggest it would elicit some antidepressant effects clinically. Indeed, the current
antidepressant therapies, which elevate the levels of these monoamines in the synaptic cleft, have proved
very successful and remain some of the most widely prescribed drugs in the US (Statistics, 2014).
However, a discrepancy exists in the monoamine hypothesis of depression: while medications can
increase the amount of these neurotransmitters in the synaptic cleft within hours, clinical effects of these
agents are observed after a considerable delay of continuous daily administration. In addition, there are a
substantial number of patients who remain resistant to the current therapies, indicating that these
neurotransmitters may not be the only key molecular players responsible for resolving depression. Due to
the incomplete nature of the monoamine theories of depression, research has attempted to determine other
systems that may be involved in depression and on the molecular events downstream of an
antidepressant’s direct actions on the monoamines. From this, several new theories about the
pathophysiology of depression and the action of antidepressant medications have arisen, and new families
of potential targets for novel antidepressant therapies have been identified.
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2.4.2. Sigma-1 receptor
One potential protein target that has been implicated for existing and novel antidepressant drugs
is the sigma-1 receptor (Fishback et al., 2010). Through its high affinity binding to and activation of
sigma-1 receptors (Lauterbach, 2012; Werling et al., 2007a), DM may thus also produce
antidepressant effects. Noteworthy, sigma-1 receptor agonists may facilitate a more rapid onset of
efficacy than FDA-approved antidepressants (Hayashi and Su, 2008).
Sigma-1 receptors are highly conserved 223 amino acid proteins expressed on the mitochondrialassociated endoplasmic reticulum membrane (MAM) and can translocate between different cellular
compartments in response to ligand binding (Hayashi and Su, 2007). In addition, sigma-1 receptors
appear to operate primarily via protein-protein interactions to modulate the activity of various ion
channels and signaling molecules, including inositol triphosphates, protein kinases, and calcium (Hayashi
and Su, 2007; Su et al., 2010). In adult males with MDD, there has been a report of a decreased plasma
sigma-1 receptor concentration compared to healthy controls (Takebayashi, 2007). In addition, another
study demonstrated an increase in plasma sigma-1 receptor concentration following antidepressant
treatment in patients with late-life MDD (Shimizu et al., 2013). However, the latter study did not find a
correlation between an increase in plasma sigma-1 levels and reductions in depressive symptoms as
measured by the HDRS, although this may be due to the small sample size (N=12) (Shimizu et al., 2013).
In preclinical studies, knockout of sigma-1 receptors in mice resulted in a depressive-like phenotype
(Sabino et al., 2009). These studies suggest that a decrease in sigma-1 receptor function may play some
role in the pathophysiology of depression.
Relevant to antidepressant actions, currently marketed antidepressant drugs, such as TCAs,
MAOIs, selective serotonin reuptake inhibitors (SSRIs), and newer generations of antidepressant drugs,
bind to these receptors (Fishback et al., 2010). Earlier studies also demonstrate that sigma-1 receptor
agonists can modulate the activities of neurotransmitter systems, signaling pathways and brain regions
implicated in the pathophysiology of depression (Fishback et al., 2010). The potential clinical relevance
of these observations is further supported by reports that sigma-1 agonists produce antidepressant effects
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in experimental animals and humans (Matsuno et al., 1996; Skuza, 2003; Skuza and Rogoz, 2002; Ukai et
al., 1998; Volz and Stoll, 2004; Wang et al., 2007). Notably, the sigma-1 receptor agonist igmesine
hydrochloride proved to be as effective an antidepressant as the well-established SSRI fluoxetine in some
clinical trials, though not in all cases (Fishback et al., 2010; Volz and Stoll, 2004).
Specifically related to fast acting effects, sigma-1 receptor agonists such as (+)-pentazocine and
SA4503 (1-[2-(3,4-Dimethoxyphenyl)ethyl]-4-(3-phenylpropyl)piperazine) can enhance serotonergic
neuronal firing in the rat dorsal raphe nucleus after only two days of treatment, compared to the two
weeks of treatment that is typically required of conventional antidepressant drugs (Bermack and
Debonnel, 2001; Lucas et al., 2008). Moreover, SA4503 also enhances cell proliferation in the rat
hippocampus after only 3 days of treatment, compared to the 2-3 weeks required for classical
antidepressants (Lucas et al., 2008). It should be also noted that sigma receptor modulation has been
linked to neural plasticity, which is thought to be final common pathway of different antidepressant
therapies (see section 2.3.4) (Duman, 2014a; Nestler et al., 2002a). For instance, several studies have
shown sigma receptor mediation of nerve growth factor (NGF)-induced neurite sprouting (Ishima et al.,
2008; Nishimura et al., 2008; Robson et al., 2012; Takebayashi et al., 2002), suggesting that certain
antidepressants may facilitate neuronal sprouting in the brain via these receptors.

2.4.3. Glutamatergic system
DM may also elicit antidepressant effects through modulation of glutamatergic function, which is
increasingly implicated in the pathogenesis and pharmacology of depression (Hashimoto, 2011; Niciu et
al., 2013). Similar to ketamine, DM is an NMDA receptor antagonist, which is thought to be the primary
mechanism by which ketamine produces its rapid acting effects (Monteggia and Zarate, 2015). The
NMDA receptors exist in vivo as tetrameric complexes comprising proteins from two families of
homologous subunits, designated NR1 and NR2(A-D) (Feyissa et al., 2009). In patients with MDD, a
significant reduction in NR2A and NR2B, but not NR1 subunit expression was found in the prefrontal
cortex (PFC), a region that has long been implicated in the pathophysiology of depression (Feyissa et al.,
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2009). Interestingly, sigma-1 receptor agonists have been shown to alter NMDA receptor activity in rat
retinal slice preparations (Zhang et al., 2011) as well as upregulate NMDA receptor expression
(specifically NR2A and NR2B, but not NR1) in the rat hippocampus (Pabba et al., 2014; Zhang et al.,
2011). Whether DM may induce changes in the activity or level of specific NMDA subunits in human
brain regions expressing sigma-1 receptors remains to be determined.
Along with NMDA receptors, AMPA receptors also appear to be critical for antidepressant
response, including rapid acting effects (Alt et al., 2006; Bleakman et al., 2007). AMPA receptors are
tetrameric ionotropic receptors assembled from the four subunits GluA1, GluA2, GluA3 and GluA4, of
which several isoforms with differing activation kinetics exist (Fleming and England, 2010). Several
studies showed a reduction in AMPA receptor mRNA and protein levels in patients with depression and
in animals after stress induction or corticosterone treatment (Freudenberg et al., 2015). However, in other
studies increases in AMPA receptors were shown, suggesting a more complex contribution of these
receptors to the pathophysiology of depression (Freudenberg et al., 2015). This complexity might in part
be due to differences in the contribution of the different AMPA receptor subunits (Freudenberg et al.,
2015).
Pharmacologically, AMPA receptor potentiators, which increase receptor function by altering
receptor kinetics (e.g., decrease receptor desensitization or deactivation), can produce antidepressant-like
effects on their own as well as in synergy with other antidepressants in several animal models of
depression (Farley et al., 2010; Knapp et al., 2002; Li et al., 2001). More recently, AMPA itself has been
shown to produce antidepressant-like behaviors and can potentiate the antidepressant-like actions of
ketamine (Akinfiresoye and Tizabi, 2013). These data suggests that AMPA receptors may work
independently and/or together with other pathways to elicit antidepressant-like effects. In fact, AMPA
receptors may be a common downstream pathway for known antidepressants that act initially on entirely
different molecular targets (Bleakman et al., 2007). For instance, treatments with diverse antidepressants
have been shown to modulate AMPA receptor function and/or expression, including the SSRIs fluoxetine
and paroxetine, NE reuptake inhibitor reboxetine, TCA desipramine, and ketamine (Barbon et al., 2011;
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Barbon et al., 2006; Du et al., 2007; Li et al., 2010; Maeng et al., 2008; Martinez-Turrillas et al., 2005,
2007; Martinez-Turrillas et al., 2002; Svenningsson et al., 2002; Zhou et al., 2013).
Importantly, blockade of AMPA receptors with an antagonist has been shown to prevent the
antidepressant effects of the rapid acting antidepressants ketamine (Autry et al., 2011; Koike et al., 2011;
Maeng et al., 2008) and the more recently discovered scopolamine (Voleti et al., 2013), but failed to block
that of conventional antidepressants such as imipramine in some instances (Maeng et al., 2008; Wolak et
al., 2013), implying that AMPA receptors are critical for fast acting antidepressant effects. In addition,
Knapp et al. reported that an AMPA receptor potentiator produces a more rapid onset of action than the
conventional antidepressant fluoxetine in the reduction of the submissive behavior paradigm (Knapp et
al., 2002), a recently developed rodent model for assessing antidepressant drug activity (Malatynska et al.,
2002; Malatynska et al., 2005).

2.4.4. BDNF and neural plasticity
As mentioned above, neural plasticity is hypothesized to be a final common pathway of different
antidepressant therapies and may explain the delay in efficacy with conventional antidepressants (Duman,
2014a; Nestler et al., 2002a). An important player thought to be involved in driving the neural adaptations
is brain-derived neurotrophic factor (BDNF) (Castren and Rantamaki, 2010). BDNF protects neurons
from injury, at least in part, by inhibiting apoptosis and by stimulating sprouting and neuronal
reorganization (Castren and Rantamaki, 2010). Although BDNF is highly concentrated in the nervous
system, it is also found in the serum of humans and other mammals, where its function is poorly
understood (Karege et al., 2005).
Several studies have shown that serum BDNF levels are reduced in unipolar and bipolar
depression and can be normalized by successful treatment (Castren and Rantamaki, 2010; Grande et al.,
2010). In a double-blind study of bipolar disorder patients (type I or II) given placebo or DM (30 or 60
mg/day), in combination with VPA for 12 weeks, participants had lower levels of plasma BDNF
compared to healthy controls at baseline (Chen et al., 2014). Subsequent treatment with DM (60 mg/day)
25

plus VPA produced a small increase in plasma BDNF levels from baseline to 12 weeks, and the increase
was significantly higher than the placebo plus VPA group (Chen et al., 2014). There was also a trend
toward increased BDNF found in the DM group compared to baseline. Although this small increase did
not correlate with measured improvements of clinical symptoms in this study, it may still have benefits
not measured, like decreased duration of depressive symptoms (Chen et al., 2014). It remains unclear
however whether serum BDNF levels might reflect or contribute to the BDNF levels in the brain, as
BDNF is not able to readily cross the blood-brain barrier (Castren and Rantamaki, 2010). Moreover,
despite the name, BDNF is also expressed at relatively high levels in peripheral tissues, including lung,
heart, and spleen; thus, BDNF in serum is likely to be derived from these tissues as well as from brain
(Schmidt and Duman, 2010).
Post-mortem studies have reported reductions in BDNF and tropomyosin receptor kinase B
(TrkB) expression in the hippocampus and PFC of MDD patients and depressed suicides. For instance, a
reduction in BDNF levels was found in the PFC and hippocampus of suicide victims who were depressed
relative to matched controls or patients taking an antidepressant at the time of death (Dwivedi et al.,
2001); treatments with antidepressants have led to an upregulation of BDNF in the hippocampus of MDD
patients at the time of death compared with antidepressant-untreated subjects (Chen et al., 2001).
Noteworthy, activation of AMPA receptors has been shown to increase rat hippocampal BDNF
mRNA expression within a few hours of treatment (Mackowiak et al., 2002) compared to the chronic
dosing that is typically required for conventional antidepressants (Duman and Monteggia, 2006). In
contrast to conventional antidepressants that promote the transcriptional upregulation of BDNF, activation
of sigma-1 receptors has been shown to potentiate post-translational processing (i.e., the conversion of
pro-BDNF to BDNF) without affecting the mRNA expression of BDNF, which may provide a novel
therapeutic opportunity for the treatment of depression (Fujimoto et al., 2012). Through activation of
sigma-1 receptors, DM may also promote an increase in the expression or activity of other trophic factors
such as NGF (Fishback et al., 2010). It is possible that DM, through these actions, may facilitate neural
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adaptations faster than conventional antidepressants and thereby induce more rapid therapeutic effects
(Figure 3).

2.4.5. Other mechanisms
Other mechanisms may also contribute to the antidepressant effects of DM, including possible
activity at 5-HT1B/D, alpha-2 noradrenergic, and nicotinic receptors (Damaj et al., 2005; Hernandez et
al., 2000; Werling et al., 2007a). The time lag in current SSRI antidepressant medications is believed, at
least in part, to be due to desensitization of presynaptic 5-HT1A and 5-HT1B receptor subtypes, which
occurs over 2-4 weeks (Gardier et al., 1996; Rutter et al., 1994). In particular, 5-HT1B receptors function
as both presynaptic autoreceptors and postsynaptic heteroreceptors (Moret and Briley, 2000). 5-HT1B
autoreceptors are located presynaptically on serotonergic neurons and are thought to be involved in a
feedback mechanism that inhibits 5-HT neuronal firing and release. In contrast, 5-HT1B heteroreceptors
are located on non-serotonergic neurons, including glutamatergic, GABA (gamma-aminobutyric acid)ergic, dopaminergic, noradrenergic and cholinergic neurons, and may exhibit inhibitory activity (Moret
and Briley, 2000). Preclinical studies have shown that application of selective 5-HT1A agonists alone and
with antidepressants can produce antidepressant-like effects (Ruf and Bhagwagar, 2009). Interestingly, in
male rhesus monkeys, ketamine significantly increased 5-HT1B receptor binding in the nucleus
accumbens and ventral pallidum, whereas it significantly reduced SERT binding in these brain regions
(Yamanaka et al., 2014). Pretreatment with the AMPA receptor antagonist, NBQX (2,3-dihydroxy-6nitro-7-sulfamoylbenzo[f]quinoxaline), blocked the action of ketamine on the 5-HT1B receptor but not
SERT binding, which suggests the involvement of AMPA receptor activation in ketamine-induced
alterations of 5-HT1B receptor binding (Yamanaka et al., 2014). The authors noted that because NBQX is
known to block the antidepressant effect of ketamine in rodents, alterations in serotonergic
neurotransmission, particularly upregulation of postsynaptic 5-HT1B receptors in the nucleus accumbens
and ventral pallidum may be critically involved in the antidepressant action of ketamine.
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Figure 3. DM may promote antidepressant-relevant neural plasticity through sigma-1 and AMPA receptors. Sigma-1 receptor activation facilitates
the maturation of pro-BDNF into BDNF and the secretion of BDNF, and increases NGF activity. DM may also increase AMPA receptor function
and/or expression through sigma-1 receptors or through other mechanisms and further raise BDNF levels. BDNF and NGF then activate TrkB and
TrkA, respectively, which leads to enhancement of downstream signaling pathways to promote neural adaptations and plasticity to ultimately
produce antidepressant effects. DM, dextromethorphan; AMPA-R, alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor; BDNF,
brain-derived neurotrophic factor; NGF, nerve growth factor; TrkA, tropomyosin receptor kinase A; TrkB, tropomyosin receptor kinase B.
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Similarly, a delay in therapeutic response with conventional antidepressants may be due in part to
desensitization of alpha-2 noradrenergic autoreceptors (Esteban et al., 1999; Invernizzi and Garattini,
2004). Notably, mirtazapine, a noradrenergic and specific serotonergic antidepressant (NaSSA), has been
found to have a faster onset of antidepressant action (as early as within the first week of treatment)
compared to SSRIs and serotonin-norepinephrine reuptake inhibitors (SNRIs) (Nagao et al., 2013;
Watanabe et al., 2011). Its primary mechanism of action is thought to be through blockade of alpha-2
noradrenergic autoreceptors and heteroreceptors, resulting in enhanced release of NE from noradrenergic
terminals, and increased 5-HT release from serotonergic terminals, respectively (Croom et al., 2009).
Whether or not DM may activate or inhibit 5-HT1B and alpha-2 noradrenergic receptors located
presynaptically or postsynpatically remains to be determined.
DM has been found to act as antagonist at nicotinic (alpha-3-beta-4, alpha-4-beta-2, and alpha-7)
receptors (Damaj et al., 2005; Hernandez et al., 2000; Lee et al., 2006). There is evidence suggesting that
hypercholinergic neurotransmission, which is associated with depressed mood states, may be mediated
through excessive neuronal nicotinic receptor activation and that the therapeutic actions of many
antidepressants may be partly mediated through inhibition of these receptors (Shytle et al., 2002).
Supporting this, a recent study in pheochromocytoma (PC12) cells suggested that the therapeutic effects
produced by ketamine may be the result of a combination of independent but interrelated pharmacological
effects at the alpha-7 nicotinic receptors produced by the parent drug and its metabolites (Paul et al.,
2014).

2.5. Potential impact of metabolism on antidepressant action
DX has a similar pharmacological profile to DM (Table 2, page 17), and has been found to have
antitussive, anticonvulsant and neuroprotective effects in many of the same studies as DM (Shin et al.,
2011; Tortella et al., 1989; Werling et al., 2007b). The pharmacology of DM’s other major metabolite, 3HM, appears to be non-significant (Shin et al., 2011). What role, if any, 3-HM may play in DM’s effects
is not fully understood. Given their overlapping and complementary binding profiles, exposure of the
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brain to DM and DX (i.e., not inhibiting the rapid metabolism of DM), may theoretically offer greater
potential for antidepressant activity (Lauterbach, 2012). Nevertheless, ample evidence suggests that DM
can have effects independent of its metabolites, including in vivo studies using focal CNS administration
of DM and in vitro studies wherein the protective effects are not likely related to biotransformation of
DM to DX (Werling et al., 2007b).
From a safety and routine clinical use perspective, it may be best to control for the rapid
metabolism of DM. This is because DX’s action as a more potent PCP-like uncompetitive NMDA
receptor antagonist is associated with psychotomimetic disturbances (Dematteis et al., 1998; Miller, 2011;
Szekely et al., 1991; Zawertailo et al., 1998), thus limiting its therapeutic utility. In addition,
administration of DM alone (without quinidine, for instance) is subjected to significant plasma and brain
concentration variability, further making it less than ideal for general clinical use. Several investigations
have examined the effects of DM in a myriad of other CNS-related disorders (Werling et al., 2007a). The
inconsistencies between the many protective effects observed in preclinical studies and limited efficacy
seen in clinical settings may in part be due to the fact that CYP2D6 activity was not assessed or controlled
for in these studies. Future clinical trials, including those examining patients with MDD should
investigate the relationship between DM levels and significant efficacy or safety endpoints depending on
the patient population and genotype/phenotype status.

2.6. Concerns about abuse liability and long-term toxicity
The pharmacodynamic effects of DM may lead to abuse liability since OTC DM abuse has
increased during the 2000’s (Wilson et al., 2011). An analysis of 44,206 DM-related poison control center
calls, registered in the National Poison Data System from 2000-2010, found the prevalence increased to a
peak of 17.6 calls/million in 2006 and plateaued at 15.7 calls/million in 2010 (p=0.002) (Wilson et al.,
2011). This trend has raised concerns since several preclinical animal models have demonstrated adverse
effects on cognitive performance. Doses of 40 mg/kg in rats suppressed the potentiation of the field
excitatory postsynaptic potential and the population spike (p<0.02), which suggest DM may impair
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hippocampal long-term potentiation (LTP) essential for learning (Krug et al., 1993). DM-induced
memory impairments in spatial learning were dose-dependent and led to declining performance in the
Morris water maze (Bane et al., 1996). These cognitive impairments appeared to become permanent,
since water maze learning was also impaired in older rats (18 months) that were only given 40 mg/kg
doses of DM during the adolescent period (28-37 days) (Zhang et al., 2007). Other NMDA antagonists
with similar patterns of suppressed LTP, like MK-801, have caused morphological damage in rat cortical
neurons that could be prevented by both anticholinergic and benzodiazepine pretreatment (Olney et al.,
1991). In humans, DM 100-300 mg/70 kg produced acute and temporary impairments in working
memory, episodic memory, attention and metacognition (Carter et al., 2013). At higher dosages, 400
mg/70 kg, DM produced subjective effects (perceptual changes, end-of-session drug liking and mysticaltype experiences) similar to the classic hallucinogen psilocybin according to volunteers with a history of
prior hallucinogen use (Reissig et al., 2012). Other signs of neurologic toxicity included nystagmus,
slurred speech, light-headedness, and fatigue, which were more commonly reported at higher doses of
DM (10 mg/kg/d) and occurred within 1-2 h of administration (Hollander et al., 1994).
CYP2D6 activity appears to be an important factor in the psychoactive effects of high doses of
DM. In a pilot study comparing the subjective and psychomotor effects of 3 mg/kg DM in four EMs and
two PMs, the authors found that PMs had greater psychomotor impairment on a manual tracking task and
more negative subjective effects (e.g., sedation, dysphoria) while EMs reported greater abuse potential
(e.g., higher ratings on the visual analog scales of “good” drug effects and drug “liking”) (Zawertailo et
al., 1998). In a follow up study, 3 mg/kg DM following pretreatment with 100 mg quinidine resulted in a
ten-fold increase in DM plasma concentration compared to placebo pretreatment (Zawertailo et al., 2010).
In combination with varying doses of DM, pretreatment with 100 mg quinidine or placebo produced
dose-dependent decrements in performance on a manual tracking task and digit symbol substitution test
(Zawertailo et al., 2010). Compared to placebo treatment, negative subjective feelings of
“unpleasantness” increased, while positive subjective effects such as euphoria and drug liking decreased
with quinidine pretreatment (Zawertailo et al., 2010). These altered psychoactive properties of high-dose
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DM, where negative subjective effects become more pronounced and positive effects become blunted,
suggests that DM in combination with CYD2D6 inhibitors may reduce the abuse liability (Miller, 2011).
While many of the above studies tested high doses of DM acutely and reported some detrimental
cognitive effects, few studies have addressed the long-term use of therapeutic doses of DM and/or abuse
of DM. From the case reports of long-term abuse of DM, chronic effects include recurrent mania from use
of 100 to 400 mL, or 300 to 1200 mg, of DM daily for up to 8 years (Walker and Yatham, 1993),
intermittent euphoria (Fleming, 1986), psychological dependence (Wolfe and Caravati, 1995), and severe
cognitive deterioration (Hinsberger et al., 1994). Often, distinctions between acute and chronic overdose
cannot be readily made, such as in the case of a 23-year old man who presented to an emergency room
with acute intoxication on top of chronic addiction (36 to 48 ounces of DM a day, or 2160 to 2880 mg of
DM for up to 5 years) (Wolfe and Caravati, 1995). Supportive care measures for cases of DM acute
toxicity may include benzodiazepines for seizures, aggressive cooling for hyperthermia, and naloxone for
respiratory depression or coma (Antoniou and Juurlink, 2014). Regarding prolonged use of therapeutic
doses of DM, one of the largest clinical trials (N=553), which dosed 30 mg quinidine with 30 mg DM
twice daily for 1 year, found that the most frequently reported treatment-related adverse drug reactions
(≥5%) were nausea, dizziness, headache, somnolence, fatigue, diarrhea and dry mouth (Pattee et al.,
2014). These side effects occurred early in the treatment course and were largely mild-moderate and
transient (Pattee et al., 2014). Although longer term efficacy and tolerability data for DM/quinidine would
be beneficial, the safety and tolerability profile of DM/quinidine in this 1 year study (Pattee et al., 2014)
and in earlier studies (which were 12 to 24 weeks in duration) (Yang and Deeks, 2015) suggests that
therapeutic doses of DM may not have the same neurologic toxicity reported with higher doses and
chronic abusers.

2.7. Clinical evidence of antidepressant efficacy
There have been no published reports of DM for the treatment of MDD. However, there has been
a positive case report of DM/quinidine in a single case of a depressed patient with emotional lability
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(Messias and Everett, 2012). In the case report, a 32-year-old woman with MDD, recurrent and treatmentrefractory (failed trials with bupropion, escitalopram, paroxetine, citalopram, duloxetine, desvenlafaxine,
selegiline patch, ECT, mirtazapine, venlafaxine, and escitalopram as well as received weekly
psychotherapy sessions), had significant problems in controlling her affective expressions, especially her
crying outbursts (Messias and Everett, 2012). She was started on off-label treatment with DM/quinidine
20/10 mg daily (Messias and Everett, 2012). At the time of the writing of the case report, the patient has
been on this treatment combination for 1 year and reports significant improvement in her mood lability
and crying spells, which has allowed her to benefit from her psychotherapy (Messias and Everett, 2012).
It is unclear if DM/quinidine helped improve her depression separately or as a consequence of resolving
her emotional lability. It is possible that the underlying altered mechanism for affective expression is also
altered in mood disorders (Messias and Everett, 2012), and that treatment with DM/quinidine helped
improved both the affective and mood disorder.
DM (30 mg or 60 mg/day) has also been examined in randomized, placebo-controlled trials as an
add-on to VPA for bipolar disorder for 12 weeks (Chen et al., 2014; Lee et al., 2012). In both studies,
treatment with and without DM significantly improved scores in the Young Mania Rating Scale (YMRS)
and HDRS; the differences between groups were non-significant (Chen et al., 2014; Lee et al., 2012).
Noteworthy, in the 2014 study, which also measured plasma BDNF levels in the patients, changes in
plasma BDNF levels were significantly greater in the DM (60 mg/kg) group than in the placebo group
(Chen et al., 2014), suggesting the addition of DM may provide more neurotrophic effects than VPA
alone. It would be interesting to see whether addition of quinidine to slow down the rapid metabolism of
DM would potentiate the neurotrophic effects and result in greater therapeutic effects.
Finally, and most importantly, in depressed patients with treatment resistant bipolar type II or
bipolar not otherwise specified disorder, some had reported improvements in mood within 1-2 days after
initiating treatment with DM/quinidine or having the dose increased to twice a day (Kelly and Lieberman,
2014). This study was a retrospective chart review of 77 patients who all had been experiencing
depressive symptoms for at least two years, and the mean number of failed medication trials was 21.2
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(Kelly and Lieberman, 2014). DM/quinidine 20/10 mg once daily, or twice daily if no improvements were
seen in the first three weeks, was added to the patients’ drug regimen, with no changes to the pre-existing
drug regimen during the course of treatment with DM/quinidine (Kelly and Lieberman, 2014). After 90
days, the average Clinical Global Impression-Improvement (CGI-I) score, which was the primary
outcome measure in the study, was +1.66 (1=slightly improved, 2=much improved) (N=59) (Kelly and
Lieberman, 2014). Though the retrospective nature of and lack of a control group in this study come with
many limitations and conclusions about causation cannot be made, the long duration of the continuous or
near continuous depressive symptoms for at least 2 years prior to starting DM/quinidine makes
extemporaneous improvement that lasted 90 days or more unlikely (Lee et al., 2012). In addition, three
patients who experienced a favorable response to DM/quinidine (+2 CGI-I) had discontinued it for nonclinical reasons (Kelly and Lieberman, 2014). After discontinuing DM/quinidine, all 3 experienced
worsening symptoms of depression (Kelly and Lieberman, 2014). When DM/quinidine was restarted,
they all regained their prior level of improvement (Kelly and Lieberman, 2014). This naturalistic off-onoff-on improvement experienced by 3 patients also supports a cause and effect relationship (Kelly and
Lieberman, 2014). In addition, while no formal inquiry was made for the patients in the present study, the
authors noted that a number of patients of their own volition had remarked how rapidly DM/quinidine
worked, often within 1-2 days, of starting DM/quinidine or when increasing it to twice a day dosing
(Kelly and Lieberman, 2014). These promising findings suggest that DM not only has antidepressant
efficacy in TRD, but also rapid acting antidepressant effects.
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CHAPTER 3
Involvement of sigma-1 receptors in the antidepressant-like effects of DM
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3.1. Introduction
In the studies herein, we tested the hypothesis that DM can exert antidepressant-like actions at
least in part through sigma-1 receptors. First, the ability of DM to cause antidepressant-like effects was
examined in the forced swim test (FST). The FST is the most validated behavioral assay for predicting
antidepressant efficacy (Cryan and Holmes, 2005; McArthur and Borsini, 2006; Nestler et al., 2002b) and
thus provides a rational format for the initial evaluation of the antidepressant potential of DM. In addition,
the effect of DM on locomotor activity in the open field test (OFT) was measured to determine whether
stimulant effects could account for its apparent antidepressant-like actions. The conventional
antidepressant drugs imipramine and fluoxetine and fast acting antidepressant drug ketamine were used as
reference ligands for these behavioral tests. Second, to evaluate the potential involvement of sigma-1
receptors in the in vivo antidepressant-like actions of DM, pharmacological antagonists targeting sigma-1
receptors were examined for their ability to prevent the antidepressant-like effects of DM. Third, since
DM undergoes extensive first-pass metabolism by CYP2D6 to its major active metabolite DX (Schmid et
al., 1985), the CYP2D6 inhibitor quinidine was administered concomitantly with DM to raise the plasma
concentration and bioavailability of DM (Pope et al., 2004) and determine whether the metabolism of DM
affects its antidepressant efficacy. Finally, to define the manner in which DM binds to sigma-1 receptors
(competitive and/or non-competitive), saturation binding studies were conducted.

3.2. Results
3.2.1. Conventional and fast acting antidepressants dose response
The TCA imipramine served as a positive control and significantly altered immobility time in the
FST (Figure 4A; F[2,32]=10.24, P<0.05). Post-hoc Dunnett’s test showed that imipramine at 20 mg/kg
significantly decreased immobility time when compared to saline (q=4.52, P<0.001). Imipramine did not
alter locomotor activity, even at doses that produced antidepressant-like effects (Figure 4B; F[2,30]=0.23,
n.s.). Consistent with earlier reports that the FST does not reliably detect the effects of SSRIs (Cryan et
al., 2002), the SSRI fluoxetine did not significantly reduce immobility time in the FST under the
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Figure 4. Antidepressant-like effects of imipramine, ketamine, and DM in the FST. Imipramine
significantly decreased immobility time (A), but had no significant effects on locomotor activity (B).
Ketamine significantly decreased immobility time (C), and increased locomotor activity (D). DM
significantly decreased immobility time (E), and increased locomotor activity (F). There was no
correlation between DM-induced locomotor alterations and decreased immobility times (G). Data shown
are expressed as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, compared with the saline-treated group;
one-way ANOVA followed by post-hoc Dunnett’s tests. Pearson's r correlation test for correlation
analysis.
A.
B.

C.

D.
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conditions used by our laboratory (F[2,32]=1.97, n.s.); it also did not alter locomotor activity
(F[2,30]=2.36, n.s.).
The fast acting antidepressant ketamine significantly altered immobility time (Figure 4C;
F[2,34]=9.59, P<0.001). Post-hoc Dunnett’s test showed that ketamine at 30 mg/kg significantly
decreased immobility time when compared to saline (q=5.12, P<0.001). In the OFT, however, ketamine
also significantly altered locomotor activity (Figure 4D; F[2,33]=13.28, P<0.0001), with post-hoc
Dunnett’s test showing that ketamine at 30 mg/kg significantly increased locomotor activity (q=5.12,
P<0.001).

3.2.2. DM dose response
DM significantly reduced immobility time (Figure 4E; F[4,50]=6.16, P<0.001), with a post-hoc
Dunnett’s test revealing that 30 mg/kg differed significantly from saline (q=4.70, P<0.05). DM also
produced significant effects on locomotor activity (Figure 4F; F[4,48]=4.27, P<0.05), with post-hoc
Dunnett’s tests confirming that the following doses of DM elicited effects that differed significantly from
the saline control: 1 mg/kg (q=2.63, P<0.05) and 30 mg/kg (q=3.81, P<0.01). A correlation analysis
between locomotor activity and immobility time was carried out to determine whether stimulant effects
could account for its apparent antidepressant-like actions. The Pearson’s r correlation test revealed that
there was no correlation between the DM-induced increase in locomotor activity and decrease in
immobility time (Figure 4G; r=-0.01, n.s.)

3.2.3. Sigma-1 receptor antagonists dose response
When tested alone, the sigma-1 receptor antagonist BD1063 (1-[2-(3,4-Dichlorophenyl)ethyl]-4methylpiperazine) displayed a significant effect on immobility time (F[3,36]=4.11, P<0.05). Post-hoc
Dunnett’s tests showed that BD1063 significantly reduced immobility time at 30 mg/kg (q=3.41, P<0.01),
but not at 10 mg/kg (q=1.82, n.s.). Consequently, subsequent antagonist testing in the FST was performed
with the 10 mg/kg dose of BD1063 which did not have effects on its own. Alone, BD1063 also produced
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significant changes in locomotor activity (F[3,34]=5.81, P<0.05). Post-hoc Dunnett’s tests revealed that
only the low 3 mg/kg dose caused a significant increase in activity for BD1063 (q=2.73, P<0.05), thereby
indicating that the alterations in locomotor behavior did not account for the changes observed in the FST.
The second sigma-1 receptor antagonist BD1047 (N-[2-(3,4-Dichlorophenyl)ethyl]-N-methyl-2(dimethylamino)ethylamine) alone displayed no significant effects in the FST (F[3,36]=2.55, n.s.). In the
OFT, BD1047 produced an effect that significantly differed from saline injections (F[3,34]=6.99,
P<0.001). Post-hoc Dunnett’s tests revealed that only the low 3 mg/kg dose caused a significant increase
in activity for BD1047 (q=3.70, P<0.01).

3.2.4. Effects of sigma-1 receptor antagonists in the presence of DM, imipramine, or ketamine
Pretreatment of mice with behaviorally inactive doses of BD1063 or BD1047, two wellestablished and selective sigma-1 receptor antagonists, attenuated the antidepressant-like effects of DM,
but not imipramine or ketamine (Figure 5). Pretreatment with BD1063 (10 mg/kg) attenuated the
antidepressant-like effects of DM (30 mg/kg) (Figure 5A). ANOVA confirmed a significant difference
between the various treatment groups in the antagonism study for DM in the FST (F[3,41]=5.59, P<0.01).
Post-hoc Tukey’s multiple comparison tests revealed that the DM alone treatment group differed
significantly from saline (q=5.60, P<0.001), as well as the BD1063 + DM group (q=4.21, P<0.05).
Pretreatment of mice with BD1063 also significantly decreased the locomotor stimulatory effect of DM
(30 mg/kg), with an overall significant difference between treatment groups (F[3,39]=10.03, P<0.0001).
Moreover, post-hoc Tukey’s test confirmed that BD1063 treatment blocked the ability of DM to increase
locomotor activity (q=6.62, P<0.001).
Pretreatment with the second sigma-1 preferring antagonist BD1047 (10 or 20 mg/kg) showed a
trend toward the attenuation of the antidepressant-like effects of DM (30 mg/kg), with the results of 10
mg/kg pretreatment with BD1047 illustrated in Figure 5B. The overall ANOVA was significant for the
BD1047 pretreatment study (F[5,64]=5.65, P<0.001). Pairwise comparisons using post-hoc Tukey’s
multiple comparison tests further confirmed that the BD1047 (10 or 20 mg/kg) + DM groups did not
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differ significantly from saline (q=4.04 and 2.77, n.s.). However, the differences in the effects of DM in
the absence and presence of BD1047 (10 or 20 mg/kg) were not significant (q=2.52 and 3.07, n.s.),
reflecting partial attenuation of the effects. In the OFT, BD1047 significantly decreased the effects of DM
(F[5,61]=6.59, P<0.001), with post-hoc Tukey’s tests confirming the ability of BD1047 (10 mg/kg) to
block the stimulant effect of DM (30 mg/kg) (q=5.41, P<0.05).
In contrast to the attenuation of DM-induced effects in the FST, pretreatment with BD1063 did
not prevent, although it non-significantly reduced, the antidepressant-like effects of imipramine (20
mg/kg) (Figure 5C). Post-hoc Tukey’s test confirmed that imipramine significantly reduced immobility
time compared to saline (q=6.74, P<0.001). Post-hoc comparisons of the BD1063 + Imipramine group
showed that its effects did not differ significantly from imipramine alone (q=2.00, n.s.), and there was a
significant reduction in immobility time compared to saline (q=4.55, P<0.05). Locomotor activity differed
among the treatment groups (F[3,39]=5.49, P<0.01). Although imipramine and BD1063 at the doses
tested did not differ from saline (q=1.01 and 0.13, respectively, n.s.), the combination of BD1063 +
Imipramine produced a significant decrease in locomotor activity (q=5.17, P<0.01).
Likewise, pretreatment with BD1063 did not significantly attenuate the antidepressant-like effects
of ketamine (30 mg/kg) (Figure 5D). The overall ANOVA was significant (F[3,49]=5.45, P<0.01), and
post-hoc Tukey’s test confirmed that ketamine significantly differed from saline (q=5.62, P<0.01).
However, the BD1063 + Ketamine group did not significantly differ from ketamine alone (q=1.61, n.s.)
and also from saline (q=3.41, n.s.), reflecting partial attenuation. In the OFT, locomotor activity differed
among the treatment groups (F[3,47]=10.74, P<0.0001). Both the ketamine alone and BD1063 +
Ketamine groups produced a significant increase in locomotor activity (q= 7.05, P<0.001; and 1=3.82,
P<0.05, respectively).

3.2.5. Effects of sigma-1 antagonist BD1063 on DM dose response
When testing a single dose of BD1063 (10 mg/kg) against different doses of DM, the presence of
BD1063 elicited a shift to the right in the DM dose response curve (Figure 6A). However, the animals
41

Figure 5. Blockade of sigma-1 receptors prevented the antidepressant-like effects of DM, but not imipramine and ketamine in the FST.
Pretreatment with the sigma-1 receptor antagonist BD1063 prevented the DM-induced decrease in immobility time (A). BD1047 pretreatment also
produced a noticeable, albeit not statistically significant, trend toward the prevention of the decreased immobility time induced by DM (B). In
contrast, the antidepressant-like effect of imipramine and ketamine were not significantly prevented by BD1063 pretreatment (C and D,
respectively). Data shown are expressed as mean ± SEM. *P<0.05, ***P<0.001, compared with the saline-treated group; #P<0.05, compared with
the DM-treated group; one-way ANOVA followed by post-hoc Tukey’s tests. DM, dextromethorphan; IM, imipramine; KET, ketamine.
A.
B.
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C.

D.
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Figure 6. Competitive antagonism of the behavioral effects of DM by BD1063 in the FST. A single dose
of BD1063 (10 mg/kg) pretreatment shifted the DM dose response curve to the right in the FST (A), and
blocked the DM-induced stimulatory effect in the OFT (B). Data shown are expressed as mean ± SEM.
*P<0.05, **P<0.01 compared with the DM (30 mg/kg)-treated group; one-way ANOVA followed by
post-hoc Tukey’s tests. Solid black line, without BD1063. Dashed gray line, with BD1063.
A.

B.
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exhibited abnormal behaviors, particularly vocalization, during the locomotor tests beginning at the 50
mg/kg dose of DM in combination with BD1063. Higher doses (up to 100 mg/kg) of DM were lethal,
which limited the extent to which the dose response could be characterized. In the OFT, when testing the
single dose of BD1063 against increasing doses of DM, BD1063 appeared to block the DM-induced
locomotor activity (Figure 6B). However, as mentioned above, the testing of higher doses of DM was not
carried out due to behavioral toxicity.

3.2.6. Effects of CYP2D6 inhibitor quinidine on DM dose response
Concurrent administration of quinidine (30 mg/kg), which inhibits the CYP2D6 metabolism of
DM (Pope et al., 2004), potentiated the antidepressant-like effect of DM (10 mg/kg) (Figure 7A).
ANOVA confirmed a significant difference between the various treatment groups (F[7,77]=8.45,
P<0.0001). Post-hoc Tukey’s multiple comparison tests revealed that the DM (30 mg/kg) treatment group
differed significantly from saline alone (q=6.96, P<0.001) and in combination with quinidine (q=7.11,
P<0.001). Importantly, while DM at 10 mg/kg alone was not significantly different from saline (q=3.19,
n.s.), it produced a significant decrease in immobility time when combined with quinidine (q=6.78,
P<0.001). In the OFT, DM in combination with quinidine had no stimulant effects (Figure 7B). The
overall ANOVA was significant for the various treatment groups (F[7,73]=3.97, P<0.001). Pairwise
comparisons using post-hoc Tukey’s multiple comparison tests further confirmed that the DM (30 mg/kg)
alone treatment group differed significantly from saline (q=6.40, P<0.001). In combination with
quinidine, however, DM had no significant stimulant effects (q=4.04, n.s.). When tested alone, quinidine
had no significant effects in the FST (t=0.47, n.s.) nor did it have any effect on locomotor activity in the
OFT (t=0.99, n.s.).

3.2.6. DM binding to sigma-1 receptors
The results of the sigma-1 receptor saturation binding assays demonstrated there was a significant
reduction in Kd and Bmax when the assays were performed in the presence of DM, compared to when no
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DM was added to the assay (Table 3). Unpaired t-tests revealed a significant decrease in both Kd (t=3.87,
P<0.05) and Bmax (t=4.29, P<0.05) with the inclusion of 400 nM DM in the assays.

3.3. Discussion
This study is the first to show that DM has antidepressant-like effects in vivo, in addition to
implicating sigma-1 receptors as a mechanism contributing to its antidepressant actions. Moreover,
concomitant administration of the CYP2D6 reversible inhibitor quinidine potentiated the effects of DM in
the FST. This demonstrates that the antidepressant-like effects of DM do not require a significant degree
of conversion to the metabolite DX, and suggests DM itself has antidepressant efficacy.
The antidepressant-like effects of DM appear to involve sigma-1 receptors. In the current study,
two well-established sigma-1 receptor antagonists (BD1063 and BD1047) reduced the antidepressant-like
actions of DM in vivo. They are thought to act in a competitive manner since in the presence of BD1063,
the dose response curve for DM was shifted to the right. An involvement of sigma-1 receptors in the
antidepressant-like effects of DM is consistent with earlier reports that selective sigma-1 receptor agonists
can on their own reduce immobility time in the FST (Matsuno et al., 1996; Skuza and Rogoz, 2002; Urani
et al., 2001; Wang et al., 2007) and produce antidepressant-like effects in other animal models such as the
tail suspension test (TST) and olfactory bulbectomy (Bermack et al., 2002; Ukai et al., 1998). Thus,
additional studies involving these and other animal models used in depression research (e.g., sucrose
preference test, novelty suppression) (Cryan and Holmes, 2005; McArthur and Borsini, 2006; Nestler et
al., 2002b) will be needed in the future to further evaluate the antidepressant potential of DM and the
involvement of sigma-1 receptors.
The ability of DM to elicit antidepressant-like actions through sigma-1 receptors suggests future
studies to evaluate potential fast acting therapeutic effects are also warranted. Sigma-1 receptor agonists
can enhance serotonergic neuronal firing in the rat dorsal raphe nucleus after only 2 days vs. 2 weeks of
treatment that is typically required of conventional antidepressant drugs (Bermack and Debonnel, 2001;
Lucas et al., 2008). In addition, the fast acting antidepressant drug ketamine has recently been shown to
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Figure 7. Potentiation of the antidepressant-like effects of DM by quinidine in the FST. A single dose of
the CYP2D6 inhibitor quinidine (30 mg/kg) administered concomitantly with DM significantly
potentiated the decrease in immobility time for DM at 10 mg/kg (A). In contrast, in the OFT, DM in
combination with quinidine had no stimulatory effects (B). Data shown are expressed as mean ± SEM.
***P<0.001, compared with the saline-treated group; one-way ANOVA followed by post-hoc Tukey’s
tests. Black bar (■) with quinidine. White bar (□) without quinidine.
A.

B.

Table 3. Binding parameters for sigma-1 receptors in the absence and presence of DM. Saturation
binding assays in brain homogenates for sigma-1 receptors were conducted using [3H](+)-pentazocine as
the radioligand. The assays were performed in the absence or presence of DM (400 nM). The K d and Bmax
were determined using nonlinear regression. DM produced a significant decrease in K d and Bmax. Data
shown are expressed as mean ± SEM. aP<0.05, compared with [3H](+)-pentazocine alone; unpaired t-test.
Assay condition
Kd (nM)
Bmax (fmol/mg protein)
No additional compound
27.38 ± 2.23
356 ± 12
+ DM 400 nM
16.81 ± 1.58a
290 ± 9a
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potentiate NGF-induced neurite outgrowth through a sigma-1-dependent mechanism (Robson et al.,
2012), supporting the emerging importance of sigma-1 receptors in modulating neuronal plasticity, which
itself is a critical element for conveying both rapid and delayed antidepressant activity.
Earlier competition binding studies showed that DM has significant affinity for sigma-1 receptors
(138-652 nM) (Chou et al., 1999; Fishback et al., 2012; Nam et al., 2012; Werling et al., 2007b), and thus
further characterization of the interaction of DM with sigma-1 receptors was undertaken in the current
study. The saturation binding studies indicate that the interaction of DM with sigma-1 receptors is
complex, with both a change in Bmax and Kd in the binding of [3H](+)-pentazocine in the presence of DM.
The reduction in the number of sigma-1 receptors (Bmax) with which [3H](+)-pentazocine binds suggests
non-competitive interactions of DM with sigma-1 receptors. However, there is also a decrease in K d for
[3H](+)-pentazocine binding in the presence of DM, suggesting additional competitive interactions.
Together, the data support the presence of at least two distinct sites or modes of interaction with which
DM binds to the sigma-1 receptor, one with which it has competitive interactions, and another with which
it has non-competitive interactions. This interpretation would be consistent with other reports of multiple
regions for ligand interactions on the sigma-1 receptor, some of which have functional ramifications for
agonist vs. antagonist activity (Cobos et al., 2005; Wu and Bowen, 2008; Yamamoto et al., 1999). The
affinity differences of DM for its two putative binding sites appear to be similar (<100-fold difference)
since competition binding assays of DM at sigma-1 receptors are consistent with a one-site fit (Fishback
et al., 2012). The antidepressant-like effects of DM are thought to be mediated through the competitive
binding site since i) there appears to be a rightward shift in its dose response curve in the FST with no
apparent change in maximal effect, and ii) (+)-pentazocine, the sigma-1 receptor agonist used to label the
receptor, has previously also been reported to produce similar antidepressant-like effects (Fishback et al.,
2010; Matsuno et al., 1996).
In addition to interacting with sigma-1 receptors, DM has been reported to alter monoamine
reuptake, particularly 5-HT and NE at Ki values of 23 and 240 nM, respectively (Codd et al., 1995),
which have implications for antidepressant effects in humans. The significant affinity of DM for SERT
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(40 nM) (Werling et al., 2007a) would be expected to contribute to antidepressant efficacy in humans,
although it would not account for potential fast acting effects, nor reductions in immobility time herein.
Under the experimental parameters used in the current study, the classical SSRI fluoxetine did not
produce significant reductions in immobility time in the FST. This is consistent with the reports of others
that the FST does not reliably detect the antidepressant potential of SSRIs (Cryan et al., 2002). Thus, this
mechanism, which is a known contributor to antidepressant efficacy in humans, is unlikely to account for
the pattern of antidepressant-like effects observed with DM herein. In contrast to its high affinity for
SERT, DM binds much more weakly with NET (> 1 µM) (Werling et al., 2007a), but its reported ability
to modulate NE reuptake (Codd et al., 1995) would be expected to contribute conventional antidepressant
effects under clinical conditions.
Compared to the ability of BD1063 pretreatment to significantly block the antidepressant-like
effects of DM, it failed to attenuate that of imipramine, which has an overlapping binding profile with
DM: SERT (1.3-20 nM) (Bymaster et al., 2002; Owens et al., 1997; Runyon et al., 2001; Tatsumi et al.,
1997), and sigma-1 receptors (343 nM) (Narita et al., 1996). This indicates that the sigma-1 interaction
may have a larger role in producing the antidepressant-like effects of DM than that of imipramine. This is
consistent with the wider range of protein targets through which imipramine, but not DM, interacts, which
include: 5-HT2, muscarinic, and histamine H1 receptors (Andersen, 1989; Cusack et al., 1994; Stanton et
al., 1993; Tran et al., 1978; Werling et al., 2007a; Wong et al., 1982). Moreover, BD1063 failed to
significantly attenuate the antidepressant-like effects of ketamine, which is in accordance with a previous
in vivo study (Robson et al., 2012). As sigma-1 receptors have been implicated in mediating the in vitro
effects of ketamine on potentiating neurite outgrowth, however, it may be that sigma-1 receptors play a
more prominent role in the sustained, rather than acute effects of ketamine observed clinically (Robson et
al., 2012). DM, with higher binding affinity to sigma-1 receptors (Chou et al., 1999; Fishback et al., 2012;
Werling et al., 2007a), may convey additional therapeutic advantages over ketamine under clinically
relevant conditions since ketamine has only micromolar affinity for these receptors (Robson et al., 2012).
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Finally, DM and ketamine elicit stimulant actions which were quantified herein as increases in
locomotor activity in the OFT. For DM, the stimulant effects cannot account for the antidepressant-like
actions of DM: DM at both 1 mg/kg and 30 m/kg had significant stimulatory effects whereas only DM at
30 mg/kg had antidepressant-like effects. Moreover, a correlation analysis using Pearson’s r correlation
test confirmed that there was no correlation between the DM-induced increase in locomotor activity and
decrease in immobility time for all the doses tested. We also found that quinidine enhances the
antidepressant-like effects of DM without producing an increase in locomotor activity. This suggests that
addition of quinidine to DM can be used clinically to optimize therapeutic antidepressant actions, without
eliciting unwanted stimulant effects. With regards to ketamine, there was a dose-dependent decrease in
immobility time as well as increase in locomotor activity, and only the highest dose of ketamine tested
(30 mg/kg) produced both stimulatory and antidepressant-like effects. This indicates that these behavioral
responses to ketamine may be an all-or-none phenomenon and may have confounded data interpretation.
In depressed patients treated with ketamine, significant relationships between ketamine's rapid
antidepressant and acute psychotomimetic effects have also been observed (Luckenbaugh et al., 2014; Sos
et al., 2013). These CNS effects are likely mediated by activation of common mediators of both
antidepressant and psychostimulant responses vs. producing antidepressant actions secondary to its ability
to produce psychostimulant effects. Supporting the former scenario, ketamine has been shown to produce
rapid clinical antidepressant effects without inducing psychotomimetic effects in some human studies
(Lapidus et al., 2014; Valentine et al., 2011), and a slightly higher dose of ketamine (40 mg/kg) than used
here has been shown to exhibit antidepressant-like effects in the FST without affecting locomotor activity
in the OFT under the same experimental conditions (Robson et al., 2012). Importantly, ketamine elicits
much greater stimulatory effects than DM at the antidepressant effective dose (2868 ± 426 vs 1515 ±
228), supporting that DM may elicit antidepressant efficacy with less abuse liability and untoward side
effects.
In conclusion, the data presented here show for the first time that DM has antidepressant-like
effects in an in vivo model and provide evidence that this effect occurs at least in part through a sigma-1
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receptor-dependent mechanism. This is also the first report of the manner in which DM interacts at the
sigma-1 receptor. Together with earlier studies and the potential of increasing DM bioavailability by
using the FDA- and EMA-approved DM/quinidine formulation, these data suggest DM should be further
explored for translational potential as an antidepressant drug in clinical trials, as it may offer rapid acting
relief of depressive symptoms and the ability to resolve cases of TRD. In addition, further studies to
understand the molecular and cellular mechanisms by which these effects occur are necessary and may
yield important information about how various receptors, transporters and processes are involved in the
ability of DM to convey its antidepressant effects.
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CHAPTER 4
Involvement of AMPA receptors in the antidepressant-like effects of DM
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4.1. Introduction
In the previous chapter, we found that DM exerts antidepressant-like effects in the FST, the most
validated animal model for predicting antidepressant efficacy (Cryan and Holmes, 2005; McArthur and
Borsini, 2006; Nestler et al., 2002b). In the present chapter, we investigated whether DM also has
antidepressant-like actions in the TST, which is an additional widely used behavioral assay for assessing
antidepressant potential (Cryan et al., 2005), to confirm the antidepressant-like effects of DM. Moreover,
because DM undergoes substantial first-pass metabolism by CYP2D6 to its major active metabolite DX
(Schmid et al., 1985), quinidine was administered concomitantly with DM to raise the plasma
concentration and bioavailability of DM (Pope et al., 2004) and to begin examining whether the
metabolism of DM affects its antidepressant efficacy in the TST. Finally, in view of the possible
involvement of AMPA receptors in antidepressant actions, using both the TST and FST, an AMPA
receptor antagonist (NBQX), was evaluated in conjunction with DM to determine the role of AMPA
receptors in the antidepressant actions of DM. Conventional and fast acting antidepressants represented
by imipramine and ketamine, respectively, were used as reference ligands in these behavioral assays.

4.2. Results
4.2.1. Antidepressant-like effects of imipramine, ketamine, and DM in the TST
The conventional antidepressant drug imipramine and fast acting antidepressant ketamine served
as positive controls and both reduced immobility time in the TST (Figure 8A and B). ANOVA confirmed
a significant difference between the behavioral changes produced by the various doses of imipramine
(F[2,33]=5.06, P<0.05) and ketamine (F[3,38]=9.02, P<0.001). Post-hoc Dunnett’s tests showed
imipramine at 40 mg/kg and ketamine at 30 mg/kg significantly decreased immobility time when
compared to saline (q=3.14, P<0.01 and q=5.08, P<0.001, respectively). Similar to the reference ligands,
DM significantly reduced immobility time (Figure 8C; F[3,43]=28.28, P<0.0001), with a post-hoc
Dunnett’s test revealing that the dose of 30 mg/kg differed significantly from saline (q=7.70, P<0.001).
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Figure 8. Antidepressant-like effects of imiprame (A), ketamine (B), and DM (C) in the TST. Data are expressed as mean ± SEM. **P<0.01,
***P<0.001 vs. saline-treated group (0 mg/kg, i.p.); one-way ANOVA followed by post-hoc Dunnett’s tests.
A.
B.

C.
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4.2.2. CYPD2D6 inhibition potentiates the antidepressant-like effects of DM in the TST
Concurrent administration of quinidine (30 mg/kg) potentiated the antidepressant-like effects of
DM (10 mg/kg) (Figure 9). ANOVA confirmed a significant difference between the various treatment
groups (F[5,58]=19.74, P<0.0001). Post-hoc Tukey’s multiple comparison tests showed that DM at 30
mg/kg differed significantly from saline in the absence of quinidine (q=10.34, P<0.001) and in
combination with quinidine (q=9.32, P<0.001). Importantly, while DM at 10 mg/kg in the absence of
quinidine was not significantly different from saline (q=2.37, n.s.), it produced a significant decrease in
immobility time when combined with quinidine (q=5.35, P<0.01). When tested alone, quinidine had no
significant effects in the TST (t=0.28, n.s.).

4.2.3. AMPA receptor antagonist attenuates the antidepressant-like effects of imipramine, ketamine, and
DM in the TST
Pretreatment of mice with behaviorally inactive doses of NBQX (10 or 30 mg/kg) attenuated the
antidepressant-like effect of ketamine, DM, and imipramine (Figure 10). ANOVA confirmed a significant
difference between the various treatment groups in the antagonism study for ketamine (Figure 10A;
F[5,59]=9.23, P<0.0001) and DM (Figure 10B; F[5,60]=20.27, P<0.0001). Post-hoc Tukey’s multiple
comparison tests revealed that the ketamine alone treatment group differed significantly from saline
(q=6.37, P<0.001), as well as the NBQX (30 mg/kg) + Ketamine group (q=6.60, P<0.001). Similarly,
post-hoc Tukey’s tests confirmed that the DM alone treatment group also differed from saline (q=8.92,
P<0.001), as well as the NBQX (30 mg/kg) + DM group (q=4.37, P<0.05). The reduction in immobility
time induced by imipramine was also significantly prevented by NBQX (Figure 10C; F[3,48]=6.50,
P<0.001). Post-hoc Tukey’s test confirmed that NBQX (30 mg/kg) pretreatment attenuated the ability of
imipramine to decrease immobility time (q=4.163, P<0.05). Although not shown in the figure, NBQX
alone had no significant effects on immobility time in the TST at 10, 20 or 30 mg/kg (F[3,38]=1.89, n.s.).
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Figure 9. Potentiation of the antidepressant-like effects of DM by quinidine in the TST. Data are
expressed as mean ± SEM. **P<0.01, ***P<0.001 vs. saline-treated group; one-way ANOVA followed
by post-hoc Tukey’s tests. Black bar (■) with quinidine (30 mg/kg). White bar (□) without quinidine (30
mg/kg).

Figure 10. Blockade of AMPA receptors prevented the antidepressant-like effects of ketamine (A), DM
(B), and imipramine (C) in the TST. Data are expressed as mean ± SEM. *P<0.05, ***P<0.001 vs. salinetreated group; #P<0.05 vs. DM- or impramine-treated group, ###P<0.001 vs ketamine-treated group; oneway ANOVA followed by post-hoc Tukey’s tests. KET, ketamine. DM, dextromethorphan. IM,
imipramine.
A.
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B.

C.
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4.2.4. Effects of AMPA receptor antagonist on the antidepressant-like effects of imipramine, ketamine,
and DM in the FST
In the FST, behaviorally inactive doses of NBQX were administered in conjunction with
previously established antidepressant effective doses of the compounds of interest (Autry et al., 2011;
Robson et al., 2012). Pretreatment of mice with NBQX (10 or 30 mg/kg) attenuated the antidepressantlike effects of ketamine and DM, but not that of imipramine (Figure 11). ANOVA confirmed a significant
difference between the various treatment groups in the antagonism studies for ketamine (Figure 11A;
F[5,57]=10.44, P<0.0001). Post-hoc Tukey’s tests revealed that the ketamine alone treatment group
differed significantly from saline (q=6.71, P<0.001), as well as the NBQX (30 mg/kg) + Ketamine group
(q=5.51, P<0.01). Similar to the mitigation of the antidepressant-like effects of ketamine, pretreatment
with NBQX (10 mg/kg) attenuated the antidepressant-like effects of DM (Figure 11B). ANOVA
confirmed a significant difference between the various treatment groups in the antagonism study for DM
(F[3,41]=11.30, P<0.0001). Post-hoc Tukey’s multiple comparison test revealed that the DM alone
treatment group differed significantly from saline (q=7.01, P<0.001), as well as the NBQX + DM group
(q=3.80, P<0.05). In contrast to the attenuation of the ketamine-induced effects in the FST, pretreatment
with NBQX (30 mg/kg) failed to prevent the antidepressant-like effects of imipramine (Figure 11C).
ANOVA confirmed a significant difference between the various treatment groups in the antagonism study
for imipramine (F[3,36]=24.00, P<0.0001). Post-hoc Tukey’s test confirmed that imipramine significantly
reduced immobility time compared to saline (q=6.94, P<0.001). However, post-hoc comparisons of the
NBQX + Imipramine group showed that its effects did not differ significantly from imipramine alone
(q=1.14, n.s.), and there was a significant reduction in immobility time compared to saline (q=8.08,
P<0.001). When tested alone, NBQX at 10 or 30 mg/kg did not significantly affect the immobility time in
the FST (F[2,27]=1.34, n.s.).

4.2.5. Effects of the drug treatments on locomotor activity
Combining the locomotor activity data for all the animals used in this study (TST and FST), the
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Figure 11. Blockade of AMPA receptors prevented the antidepressant-like effects of ketamine (A) and
DM (B), but not of imipramine (C) in the FST. Data are expressed as mean ± SEM. *P<0.05, ***P<0.001
vs. saline-treated group; #P<0.05 vs. DM-treated group, ##P<0.01 vs ketamine-treated group; one-way
ANOVA followed by post-hoc Tukey’s tests. KET, ketamine. DM, dextromethorphan. IM, imipramine.
A.

B.
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C.
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effects of the various drug treatments in the OFT are shown in Table 4. Ketamine produced a significant
increase in locomotor activity (F[3,70]=13.97, P<0.001) while imipramine produced a significant
decrease (F[2,54]=16.68, P<0.001). DM did not significantly influence locomotor activity (F[3,63]=1.75,
n.s.). Quinidine had no significant effects alone (t=0.17, n.s.), or in combination with DM (F[5,70]=2.22,
n.s.). NBQX alone had no significant effects (F[3,68]=0.65, n.s.), but in combination with DM or
imipramine produced significant decreases in locomotor activity (F[5,116]=4.82, P<0.001 and
F[5,97]=17.28, P<0.001, respectively). NBQX pretreatment also mitigated the stimulatory effects of
ketamine (F[5,125]=19.29, P<0.001).
Since ketamine produced significant stimulant effects, a correlation analysis between locomotor
activity and immobility time was carried out to determine whether the stimulant effects of ketamine were
related to its apparent antidepressant-like behaviors. The Pearson’s r correlation test including data points
from all the doses of ketamine tested revealed a significant inverse relationship between the ketamineinduced alterations in locomotor activity and immobility time in the TST and FST (r=-0.34, P<0.05).

4.3. Discussion
Extending and corroborating our previous findings with the FST (Nguyen et al., 2014), this is the
first study that demonstrates the antidepressant-like effects of DM in the TST, in addition to implicating
AMPA receptors as a critical element in mediating the antidepressant-like actions of DM. Moreover,
similar to the findings in the FST (Nguyen et al., 2014), concomitant administration of the CYP2D6
inhibitor quinidine potentiated the antidepressant effects of DM in the TST, lending further support that
the antidepressant-like properties of DM may be enhanced with increased early exposure of the parent
compound compared to the major metabolites.
We also demonstrated that AMPA receptors play an important role in the antidepressant effects of
ketamine in the two behavioral assays and that AMPA receptors are not involved in the antidepressant
actions of imipramine in the FST, as previously described by others (Autry et al., 2011; Koike et al.,
2011; Li et al., 2001; Maeng et al., 2008; Wolak et al., 2013). Interestingly, we found that in the TST,
61

Table 4. Effects of various treatments on locomotor activity in the OFT. Data are expressed as mean ±
SEM. *P<0.05, **P<0.01, ***P<0.001 vs. saline-treated group; ###P<0.001 vs. ketamine- or DM-treated
group; one-way ANOVA followed by post-hoc Dunnett’s or Tukey’s tests. KET, ketamine. DM,
dextromethorphan. IM, imipramine. NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7sulfonamide. QND, quinidine. n.s., not significant.
Treatment and dose
(mg/kg, i.p.)

Locomotor activity
(counts)

Statistical analysis

Post-hoc Dunnett’s or
Tukey’s, if applicable

Saline
Saline
Ketamine
KET 3
KET 10
KET 30
Dextromethorphan
DM 3
DM 10
DM 30
Imipramine
IM 20
IM 40

1129 ± 112
1583 ± 314
1617 ± 179
2964 ± 268***

ANOVA F(3,70) =
13.97
P<0.001

1441 ± 249
1649 ± 161
1262 ± 139

ANOVA F(3,63) =
1.75
n.s.

496 ± 79***
505 ± 49***

ANOVA F(2,54) =
16.68
P<0.001

Quinidine + Saline
QND 30 + Saline

1095 ± 164

Unpaired t test
n.s.

Quinidine + Dextromethorphan
QND 30 + Saline
DM 10
QND 30 + DM 10
DM 30
QND 30 + DM 30

1095 ± 164
1649 ± 161
854 ± 117
1262 ± 139
1262 ± 275

ANOVA F(5,70)=2.22
n.s.

1208 ± 170
1327 ± 270
993 ± 141

ANOVA F(3,69)=0.65
n.s.

q=1.07, n.s. vs. saline
q=1.30, n.s. vs. saline
q=5.11, P<0.001 vs. saline

q=5.12, P<0.001 vs. saline
q=4.85, P<0.001 vs. saline

CYP2D6 Inhibition

AMPA Antagonism
NBQX
NBQX 10
NBQX 20
NBQX 30
NBQX + Ketamine
NBQX 10
NBQX 30
KET 30
NBQX 10 + KET 30
NBQX 30 + KET 30
NBQX + Dextromethorphan
NBQX 10
NBQX 30
DM 30
NBQX 10 + DM 30
NBQX 30 + DM 30

1208 ± 170
993 ± 141
2964 ± 268***
2176 ± 290*

ANOVA F(5,125) =
19.29
P<0.001

q=0.3730, n.s. vs. saline
q=0.6365, n.s. vs. saline
q=9.454, P<0.001 vs. saline
q=4.837, P<0.05 vs. saline;
q=3.885, n.s. vs. KET 30
q=1.840, n.s. vs. saline;
q=11.16, P<0.001 vs. KET 30

ANOVA F(5,116) =
4.82
P<0.001

q=0.57, n.s. vs. saline
q=0.97, n.s. vs. saline
q=1.66, n.s. vs. saline
q=0.21, n.s. vs. saline; q=1.38,
n.s. vs. DM 30
q=5.22, P<0.01 vs. saline;
q=6.73, P<0.001 vs. DM 30

735 ± 105###

1208 ± 170
993 ± 141
1340 ± 141
1559 ± 131
221 ± 28**,###
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NBQX + Imipramine
NBQX 30
IM 20
IM 40
NBQX 30 + IM 20

993 ± 141
496 ± 79***
505 ± 49***
135 ± 23***

NBQX 30 + IM 40

150 ± 26***

ANOVA
F(5,97)=17.28
P<0.001
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q=1.51, n.s. vs. saline
q=7.01, P<0.001 vs. saline
q=6.38, P<0.001 vs. saline
q=8.92, P<0.001 vs. saline;
q=3.19, n.s. vs. IM 20
q=4.89, P<0.001 vs. saline,
q=3.32, n.s. vs. IM 40

however, AMPA receptors appear to contribute to the effects of imipramine. This is to our knowledge the
first published report of the ability of an AMPA receptor antagonist to attenuate the acute antidepressantlike effects of a conventional antidepressant. We cannot rule out the possibility that because NBQX
significantly decreased locomotor activity in combination with imipramine, NBQX may have functionally
“reversed” the antidepressant-like effect of imipramine in the TST. Nevertheless, despite also
significantly decreasing locomotor counts in the cohort of animals subjected to the FST (135 ± 23 in FST
cohort vs. 150 ± 26 in TST cohort), NBQX did not functionally reverse the antidepressant-like effects of
imipramine in the FST. The discrepancy between the TST and FST under our experimental conditions
may be due to a difference in neural circuitry responsible for the observed behaviors in these two tests
(Cryan et al., 2005), and this may be specific to certain mouse strains (Bai et al., 2001; Lucki et al., 2001;
Sugimoto et al., 2008; Vaugeois et al., 1997). In C57BL/6 mice, for example, imipramine produced a
linear dose-responsive curve in the TST but a biphasic (U-shaped) curve in the FST (Bai et al., 2001).
Moreover, in the same study, imipramine caused a linear dose-responsive curve in the FST in NIH Swiss
mice, supporting that not only are there inherent intra-strain differences in the biology of the FST and
TST but also significant inter-strain differences in the same test. Of note, Li et al. found that
administration of LY392098 (an AMPA receptor potentiator) produced a significant enhancement in the
potency of imipramine, and likewise an ineffective dose of imipramine potentiated the antidepressant-like
effects of LY392098 (Li et al., 2003). Additional studies are needed to determine how imipramine and
other monoaminergic-based antidepressants may work alternatively or in concert with AMPA receptor
activation to produce antidepressant responses, and whether AMPA receptors play similar functions in
mediating the effects of conventional vs. rapid acting antidepressant drugs. Nevertheless, the present
findings are consistent with the mounting evidence of the important contributory role AMPA receptors
may have in the therapeutic activity of various antidepressant drugs (Alt et al., 2006; Alt et al., 2005;
Bleakman et al., 2007).
In light of the finding that NBQX pretreatment significantly attenuated the antidepressant-like
behaviors of DM in two rodent models predictive of antidepressant efficacy and of imipramine in only
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one of the two, AMPA receptors appear to play a greater role in mediating the antidepressant actions of
DM than that of imipramine. The difference in doses of NBQX needed to significantly mitigate the
effects of DM in the TST and FST may, like the discrepant imipramine data, relate to differences in
neural circuitry involved in these two tests, especially for a drug such as DM with multiple possible
mechanisms of antidepressant action. The ability of DM to elicit antidepressant-like effects through
AMPA receptors similar to that of ketamine warrants future studies to evaluate its potential fast acting
antidepressant effects, for AMPA receptor activation may contribute to a faster onset of antidepressant
efficacy (Adell et al., 2005; Duman, 2014b). For example, AMPA receptor activation has been shown to
increase BDNF expression in vitro and vivo (Dicou et al., 2003; Jourdi et al., 2009; Lauterborn et al.,
2000; Lauterborn et al., 2009; Lauterborn et al., 2003; Mackowiak et al., 2002), a pivotal downstream
component for conveying rapid acting and delayed therapeutic efficacy (Castren and Rantamaki, 2010;
Duman and Voleti, 2012). Importantly, a single injection with an AMPA receptor potentiator increased
BDNF mRNA expression in the hippocampus within hours (Mackowiak et al., 2002) compared to the
more chronic dosing usually required of traditional antidepressants (Duman and Monteggia, 2006). In
addition, Knapp et al. reported that an AMPA receptor potentiator produces a more rapid onset of action
than the conventional antidepressant fluoxetine in the reduction of submissive behavior paradigm (Knapp
et al., 2002), a recently developed rodent model for assessing antidepressant drug activity (Malatynska et
al., 2002; Malatynska et al., 2005). Several studies have also shown that pretreatment with an AMPA
receptor antagonist blocks the antidepressant-like behavioral actions of ketamine and scopolamine
(Drevets and Furey, 2010; Furey and Drevets, 2006; Koike et al., 2011; Maeng et al., 2008; Voleti et al.,
2013), two clinically validated fast acting antidepressants (Berman et al., 2000; Drevets and Furey, 2010;
Furey and Drevets, 2006; Ghasemi et al., 2014; Lara et al., 2013; Murrough et al., 2013a; Price et al.,
2009; Zarate et al., 2006), in addition to some of the neural plasticity-related biochemical changes
induced by ketamine (Maeng et al., 2008; Zhou et al., 2014). Further work is required to determine if DM
may also influence these pathways and targets, and produce a fast antidepressant response in models like
learned helplessness and chronic unpredictable stress.
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It remains unknown how DM may alter AMPA receptor activity, as it does not directly bind to
AMPA receptors (Lauterbach, 2012). The activation of AMPA is hypothesized to occur downstream from
binding to initial targets, as has been reported for ketamine which also appears to not directly affect
AMPA receptors (Jin, 2007; Lu and Bieger, 1996). In addition, DM has significant affinity for sigma-1
receptors (Fishback et al., 2012). We previously found that DM elicits antidepressant-like actions at least
in part through sigma-1 receptors (Nguyen et al., 2014), a protein target for a potential new class of
antidepressant drugs (Fishback et al., 2010) that, similar to AMPA receptors, may contribute to a more
rapid onset of antidepressant efficacy (Hayashi and Su, 2008). Sigma-1 ligands have been shown to
regulate AMPA mRNA and protein expression levels (Liang and Wang, 1998) and modulate AMPA
receptor neurotransmission (Guitart et al., 2000). Consequently, one indirect mechanism by which DM
could activate AMPA receptors is through the activation of sigma-1 receptors to elicit an antidepressant
response.
Finally, in this study cohort, we found that DM had no effects on locomotor activity, in contrast
to our recent previous report of stimulatory effects (Nguyen et al., 2014). Since the same laboratory
conditions and methods were applied to these two studies, this incongruity may be due to the
heterogeneous genetic background inherent to outbred mice. Supporting this, our previous saline-treated
cohort of mice had nearly a 40% lower count of locomotor activity than the present saline-treated group
(688 ± 61 (Nguyen et al., 2014) vs. 1129 ± 112).
Unlike DM, ketamine had significant stimulatory effects. In particular, only the highest dose of
ketamine tested (30 mg/kg) produced both stimulatory and antidepressant-like effects, suggesting that
these behavioral responses to ketamine may be an all-or-none phenomenon and may have confounded
data interpretation. Moreover, the correlation analysis revealed a significant relationship between these
behavioral actions of ketamine. Since correlation does not equal causation, however, it is unclear whether
the ability of ketamine to elicit antidepressant-like actions is secondary to its ability to produce stimulant
effects or whether ketamine is capable of activating common mediators of both the antidepressant and
stimulant responses. In support of the latter scenario, our lab has previously shown in a separate cohort of
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animals, ketamine (40 mg/kg) elicited antidepressant-like effects in the FST without incurring effects on
locomotor activity (Robson et al., 2012). Regardless, the fact that ketamine had significant stimulatory
effects and DM did not in the current cohort of mice further supports that DM may elicit antidepressant
efficacy with less abuse liability and untoward side effects. Noteworthy, DM in combination with
quinidine has been reported in depressed patients with treatment-resistant bipolar disorder to have some
rapid antidepressant effects, occurring a few days of treatment initiation or increasing the dose without
eliciting any initial psychogenic effects (Zhou et al., 2013).
In conclusion, the present study provided important additional evidence that DM has
antidepressant-like actions. Moreover, AMPA receptor stimulation appears to play a pivotal role in
facilitating the antidepressant-like effects of DM. Together with earlier studies, these data strongly
warrants the need to further explore the translational potential of DM as safe and efficacious rapid acting
antidepressant.
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in the antidepressant-like effects of dextromethorphan in mice. Behav Brain Res.
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CHAPTER 5
Behavioral and biochemical analyses of effects of DM in relation to its antidepressant-like effects
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5.1. Introduction
In Chapters 3 and 4, we have shown that DM exerts antidepressant-like effects in mice using the
FST and TST, two well-established and commonly used animal models for predicting antidepressant
efficacy (Cryan and Holmes, 2005; McArthur and Borsini, 2006; Nestler et al., 2002b). We have also
shown the involvement of sigma-1 and AMPA receptors, two molecular targets associated with producing
a faster onset of antidepressant efficacy (Adell et al., 2005; Duman, 2014b; Hayashi and Su, 2008), in
mediating the antidepressant-like effects of DM in these behavioral tests (Nguyen and Matsumoto, 2015;
Nguyen et al., 2014). These results lend credence to DM as a potential antidepressant warranting further
investigation.
An important study that remains to be pursued is the potential effects of DM on antidepressantrelevant neural adaptations. A growing body of evidence suggests that neural plasticity may be a final
common pathway of different antidepressant therapies and may explain the delay in efficacy with
conventional antidepressants (Duman, 2014a; Krishnan and Nestler, 2008). An important player thought
to be involved in driving the antidepressant-relevant neural adaptations is BDNF (Castren and Rantamaki,
2010). BDNF is formed from its precursor form, pro-BDNF, and both pro-BDNF and mature BDNF
levels have been shown to be altered in animal models of depression and in humans with this mood
disorder (Castren and Rantamaki, 2010). Interestingly, chronic but not acute treatment with classic
antidepressant drugs induces increases in BDNF expression in vivo (Castren and Rantamaki, 2010),
whereas acute or chronic treatment with ketamine can promote increases in BDNF (and pro-BDNF)
expression (Autry et al., 2011; Garcia et al., 2008; Reus et al., 2011; Reus et al., 2014; Yang et al., 2013;
Zhou et al., 2014). Thus, pharmaceutical agents capable of quickly enhancing BDNF (and possibly proBDNF) levels may aid in the development of novel, effective, and faster acting antidepressant drugs.
In the present study, using previously established antidepressant effect doses by our lab, the
behavioral effects of DM were re-established and additional neurobiochemical analyses were undertaken.
Specifically, the effects of DM on antidepressant-like effects in the FST, the most predictive rodent model
for screening potential antidepressant drugs (Cryan and Holmes, 2005; McArthur and Borsini, 2006;
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Nestler et al., 2002b), and locomotor activity in the OFT were studied in mice. In addition, the effects of
DM on pro-BDNF and BDNF protein expression in the hippocampus and frontal cortex, two key areas
involved in depression (Palazidou, 2012), were evaluated via Western blot in relation to its
antidepressant-like effects. Because the precursor and mature forms of BDNF may be independently
regulated and have been separately shown to rapidly increase following ketamine administration (Autry et
al., 2011; Garcia et al., 2008; Reus et al., 2011; Reus et al., 2014; Yang et al., 2013; Zhou et al., 2014), we
evaluated them individually rather than as a ratio or altogether as just BDNF. Also, because the
antidepressant-like behaviors of DM have only been established recently and at a single time point
(Nguyen and Matsumoto, 2015; Nguyen et al., 2014), we used this known antidepressant effective time
point to evaluate potential biochemical changes. Fast acting and conventional antidepressants represented
by ketamine and imipramine, respectively, were used as reference ligands in these assays.

5.2. Results
5.2.1. DM produces antidepressant-like effects without changes in locomotor activity
Using previously established antidepressant effective doses of the compounds of interest (Nguyen
and Matsumoto, 2015; Nguyen et al., 2014), we confirmed that the fast acting antidepressant drug
ketamine and conventional antidepressant imipramine both reduced immobility time in the FST (Figure
12A B; t=4.31, P<0.001; and t=6.22, P<0.0001, respectively). Similar to the reference ligands, DM
significantly reduced immobility time (Figure 12C; t=5.00, P<0.0001).
In the OFT, ketamine produced significant increases in locomotor activity (Figure 13D; t=4.14,
P<0.001). Imipramine and DM, on the other hand, did not significantly alter locomotor activity (Figure
13E and F; t=0.48 and t=0.67, n.s., respectively).

5.2.2. DM does not alter pro-BDNF or BDNF protein expression in the hippocampus or frontal cortex
As shown in Figure 14A and B, ketamine significantly increased pro-BDNF (~32-34 kDa) levels
in the hippocampus (t=2.53, P<0.05), but not the frontal cortex (1.64, n.s.) approximately 40 min post70

injection. Imipramine did not alter pro-BDNF protein expression in the hippocampus (t=0.26, n.s.) or
frontal cortex (t=1.37, n.s.). Similar to imipramine, DM also did not increase pro-BDNF levels in the
hippocampus (t=0.71, n.s.) or frontal cortex (t=0.83, n.s.).
With regards to the mature form of BDNF (~18 kDa), no alterations in BDNF protein expression
were observed in the hippocampus (Figure 15A) or frontal cortex (Figure 15B) for any of the drugs tested
(ketamine: t=0.13 or 0.03; imipramine: t=0.78 or 0.95; DM: t=1.55 or 0.37, respectively).

5.2.3. Ketamine produces antidepressant-like effects in the FST, stimulatory effects in the OFT, and
increases in hippocampal pro-BDNF protein expression in an AMPA-receptor dependent manner
AMPA receptors have been shown to mediate many of the antidepressant-relevant behavioral and
biochemical effects of ketamine (Nguyen and Matsumoto, 2015; Autry et al., 2011; Koike et al., 2011;
Maeng et al., 2008). Pretreatment with an AMPA receptor antagonist (NBQX) attenuated the
antidepressant-like effects of ketamine in the FST (Figure 16A), stimulatory effects in the OFT (Figure
16B), and increase in pro-BDNF protein expression in the hippocampus (Figure 16C). For the FST
antagonism study, the overall ANOVA was significant (F[2,27]=6.85; P<0.01). Post-hoc Tukey’s
multiple comparisons tests confirmed that the ketamine treatment group differed significantly from saline
(q=5.20, P<0.01), and the NBQX + Ketamine group did not differ significantly from saline (q=2.09, n.s.).
However, the differences in the effects of ketamine in the absence and presence of NBQX were not quite
statistically significant (q=3.11, n.s.), reflecting partial attenuation of the effects. In the OFT, the overall
ANOVA was significant (F[2,27]=17.73; P<0.0001). Post-hoc Tukey’s test confirmed the ability of
NBQX to significantly block the stimulatory effects of ketamine (q=7.55, P<0.001). For hippocampal
pro-BDNF levels, the overall ANOVA was also significant (F[2,23]=4.78, P<0.05). Post-hoc Tukey’s
multiple comparisons tests revealed that the ketamine treatment group differed significantly from saline
(q=3.96, P<0.05), as well as the NBQX + Ketamine group (q=3.68, P<0.05). Although not shown, the
NBQX treatment group had no significant effects in the FST (t=0.19, n.s.), OFT (t=1.02, n.s.) or on
hippocampal pro-BDNF protein expression (t=1.86, n.s.) compared to the saline control group.
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Figure 12. Antidepressant effects of ketamine, imipramine, and DM in the FST using previously established antidepressant effective doses. Data
shown are expressed as mean ± SEM. ***P< 0.001, ****P<0.0001 vs. saline-treated group; Student’s unpaired t-test. Sal, saline; KET, ketamine;
IM, imipramine; DM, dextromethorphan.
A.
B.
C.

Figure 13. Effects of ketamine, imipramine, and DM in the OFT. Data shown are expressed as mean ± SEM. ***P< 0.001 vs. saline-treated
group; Student’s unpaired t-test. Sal, saline; KET, ketamine; IM, imipramine; DM, dextromethorphan.
A.
B.
C.
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Figure 14. Effects of ketamine, imipramine, and DM on pro-BDNF levels in mouse hippocampus (A) and frontal cortex (B). Representative
images of the protein are shown on the left and the cumulative graphed data on the right. Data shown are expressed as mean ± SEM. *P< 0.05 vs.
saline-treated group; Student’s unpaired t-test. Sal, saline; KET, ketamine; IM, imipramine; DM, dextromethorphan.
A.

B.
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Figure 15. Effects of ketamine, imipramine, and DM on BDNF levels in hippocampus (A) and frontal cortex (B). Representative images of the
protein are shown on the left and the cumulative graphed data on the right. Data shown are expressed as mean ± SEM. Sal, saline; KET, ketamine;
IM, imipramine; DM, dextromethorphan.
A.

B.
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Figure 16. Blockade of AMPA receptors prevented the ketamine-induced behaviors in the FST (A) and OFT (B), and increase in hippocampal
pro-BDNF levels (C). Representative images of the protein are shown of the left and the cumulative graphed data on the right (C). Data shown are
expressed as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, vs. saline-treated group; #P<0.05, ###P<0.001, vs. ketamine-treated group; one-way
ANOVA, followed by post-hoc Tukey’s tests. Sal, saline; KET, ketamine.
A.
B.

C.
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5.3. Discussion
Our results indicate that DM reduced immobility time in the FST in mice comparable to the fast
acting antidepressant ketamine and TCA imipramine. This is consistent with previous findings from our
lab, which showed dose-dependent decreases in the immobility time of mice following administration of
DM, ketamine or imipramine (Nguyen and Matsumoto, 2015; Nguyen et al., 2014; Robson et al., 2012).
Moreover, we demonstrated that DM did not affect spontaneous locomotor activity in the OFT, in
contrast to ketamine which elicited significant stimulant effects. This is also in line with one of our
previous studies (Nguyen and Matsumoto, 2015). The co-incidence of stimulatory effects with
antidepressant-like actions for ketamine suggests that the two effects can be related, though not
necessarily dependent on one another. In depressed patients treated with ketamine, significant
relationships between ketamine's rapid antidepressant and acute psychotomimetic effects have also been
observed (Luckenbaugh et al., 2014; Sos et al., 2013). These CNS effects are likely mediated by
activation of common mediators (for example, AMPA receptors, as shown in Chapter 4) of both
antidepressant and psychostimulant responses vs. producing antidepressant actions secondary to its ability
to produce psychostimulant effects. It is important to note that ketamine has been shown to produce rapid
clinical antidepressant effects without inducing psychotomimetic effects in some human studies (Lapidus
et al., 2014; Valentine et al., 2011), and a slightly higher dose of ketamine (40 mg/kg, i.p.) than used here
has been shown to exhibit antidepressant-like effects in the FST without affecting locomotor activity in
the OFT under the same experimental conditions (Robson et al., 2012). Regardless, the fact that ketamine
had significant stimulatory effects and DM did not further supports that DM may elicit antidepressant
efficacy with less abuse liability and untoward side effects.
Next, this is the first study to report a rapid increase in pro-BDNF in the mouse hippocampus
following a single administration of ketamine, but not imipramine or DM. The co-incidence of the
decrease of immobility time and the increase of pro-BDNF after ketamine, but not imipramine treatment
may in part explain ketamine’s rapid compared to imipramine’s delayed onset of antidepressant efficacy
in human populations. We observed an increase in pro-BDNF within 40 min of i.p. injection in the mice,
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which is a similar time frame to the detection of antidepressant effects reported for i.v. or intranasal
ketamine administration in some depressed subjects (DiazGranados et al., 2010b; Lapidus et al., 2014;
Luckenbaugh et al., 2014; Zarate et al., 2012).
Many studies have implicated the important role of BDNF in depression (Castren and Rantamaki,
2010) and have examined the effects of ketamine on BDNF levels, but not specifically pro-BDNF (Autry
et al., 2011; Garcia et al., 2008; Reus et al., 2011; Yang et al., 2013; Zhou et al., 2014). Indeed, acute
administration of ketamine has been shown to increase BDNF levels in rodents in key brain regions
involved in depression (Autry et al., 2011; Garcia et al., 2008; Reus et al., 2011; Yang et al., 2013; Zhou
et al., 2014). Following a single i.p. administration with ketamine, increases in BDNF levels have
occurred as early as 30 min post-injection in the mouse and rat hippocampus (Autry et al., 2011; Yang et
al., 2013). We, however, observed no changes in BDNF levels at 40 min post-injection, which, compared
to the earlier mouse study, may be due to differences in mouse strains (Swiss Webster vs. C57BL/6),
ketamine doses used (30 mg/kg, i.p. vs. 3 mg/kg, i.p.), and experimental laboratory conditions (tissue
analyzed following drug treatment and behavioral testing vs. following just drug treatment). It is
important to note that similar to our finding, some other studies, using different strains and species of
rodents and doses of ketamine, have also reported a dissociation between antidepressant-like effects and
mature BDNF protein changes following ketamine administration (Garcia et al., 2009; Lindholm et al.,
2012), wherein stressed and non-stressed male Wistar rats were treated with 15 mg/kg, i.p. in one study
(Garcia et al., 2009) and male C57BL/6 mice were treated with 50 mg/kg, i.p. in another study (Lindholm
et al., 2012). The possibility that other (non-BDNF) signaling pathways may also mediate ketamineinduced antidepressant effect is supported by studies in BDNF knockout mice. In particular, treatment
with ketamine (50 mg/kg, i.p.) retained antidepressant-like effects in the FST in heterozygous BDNF
knockout (bdnf+/−) C57BL/6 mice and failed to alter BDNF levels in the hippocampus when assessed at
45 min or 7 days after drug administration (Lindholm et al., 2012), suggesting ketamine can produce
antidepressant-like effects independent of the mature BDNF signaling pathway.

77

The incongruity between an increase in pro-BDNF levels and no corresponding change in BDNF
levels in our study remains unclear. BDNF is synthesized as a glycosylation precursor protein, proBDNF. It was initially thought that only secreted mature BDNF was biologically active, and that proBDNF, which localizes within the cell, served as an inactive precursor. However, emerging evidence
indicate that both pro-BDNF and mature BDNF can be secreted and elicit different and seemingly
opposing biological effects via the p75 neurotrophin receptor (p75 NTR) and TrkB, respectively (Castren
and Rantamaki, 2010; Lu et al., 2005). Activation of p75NTR by pro-BDNF has been shown to induce
neuronal atrophy and apoptosis, whereas activation of the TrkB has been associated with growth and
survival, suggesting a “yin and yang” model of neurotrophin action (Lu et al., 2005). Which one of these
activities predominates at given times is not yet clear, and whether the rise in pro-BDNF levels following
acute ketamine administration in this study is detrimental at the cellular level will need further
investigation. It may be that the dynamic changes in pro-BDNF and BDNF levels are important for the
optimal tuning of neuronal plasticity, whereby structural increases are balanced by programmed neuronal
death, neurite retraction and synaptic pruning (Castren and Rantamaki, 2010; Lu et al., 2005). Indeed,
recent findings suggest pro-BDNF can regulate hippocampal long-term depression (LTD) whereas mature
BDNF regulates LTP (Lu et al., 2005), two cellular mechanisms which commonly affect the efficacy of a
synapse (Bliss and Cooke, 2011).
Lastly, we also report herein that the increase in pro-BDNF levels in the hippocampus and
antidepressant-like effects are mediated in part through AMPA receptors. In a study by Reus and
colleagues, specific examination of the effects of ketamine on pro-BDNF in rats revealed that ketamine
increased this protein expression in the hippocampus and nucleus accumbens, with an MAPK (mitogenactivated protein kinase) kinase (MEK) inhibitor blocking the effects of ketamine in the nucleus
accumbens (Reus et al., 2014). They also reported that the MEK inhibitor attenuated the antidepressantlike effects of ketamine in the FST. Our findings thus provide an additional (or upstream) mechanism by
which ketamine may be promoting pro-BDNF levels in specific brain regions and are consistent with
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previous reports implicating the critical role of AMPA receptors in mediating the antidepressant-like
actions of ketamine (Autry et al., 2011; Koike et al., 2011; Maeng et al., 2008).
Importantly, our data did not evaluate the effects of ketamine or DM on pro-BDNF or BNDF
levels at other time points or on other trophic factors. Of note, in a double-blind study involving bipolar
patients (type I or II) given placebo or DM (30 or 60 mg/day) in combination with VPA for 12 weeks,
participants had lower levels of plasma BDNF compared to healthy controls at baseline (Chen et al.,
2014). Subsequent treatment with DM (60 mg/day) plus VPA produced a small increase in plasma BDNF
levels from baseline at 12 weeks, and the increase was significantly higher than placebo plus VPA group
(Chen et al., 2014). There was trend toward an increase in BDNF found in the DM group. Although it did
not correlate with measured improvements of clinical symptoms in this study, the small increase may
have benefit on other factors of clinical presentation not measured, such as a shorter duration of clinical
course or on other depressive conditions (Chen et al., 2014). Several studies have shown that serum
BDNF levels are reduced in unipolar and bipolar depression and can be normalized by successful
treatment (Castren and Rantamaki, 2010; Grande et al., 2010); though it remains unclear whether serum
BDNF levels might reflect or contribute to the BDNF levels in the brain, as BDNF does not readily cross
the blood-brain barrier (Castren and Rantamaki, 2010). Also, in a retrospective study, daily administration
of DM/quinidine has been shown to produce antidepressant effects in some bipolar depressed patients
within 1-2 days of treatment (Kelly and Lieberman, 2014), rather than hours as seen with ketamine.
Further studies aiming to determine whether DM can promote increases in BDNF or pro-BDNF at a later
time point are thus worthy of doing.
In addition, we have previously shown that DM produces antidepressant-like effects in the FST in
part through a sigma-1 receptor dependent mechanism (Nguyen et al., 2014). Noteworthy, several
antidepressants (e.g., fluoxetine, fluvoxamine, imipramine, and ketamine) have been shown to enhance
NGF activity through a sigma-1 receptor dependent mechanism (Nishimura et al., 2008; Robson et al.,
2012; Takebayashi et al., 2002) and NGF itself can produce antidepressant-like effects (Overstreet et al.,
2010). DM, through activation of sigma-1 receptors, may promote the activation of other trophic factors
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such as NGF to facilitate neural adaptations. This is an area that together with additional time course
studies warrants further investigation.
In conclusion, our results suggest that DM may produce antidepressant actions with a reduction in
problematic stimulant effects compared to ketamine. Moreover, in contrast to the AMPA-dependent
antidepressant-like effects and increase in pro-BDNF levels of ketamine, DM does not rapidly alter proBDNF levels in the hippocampus and frontal cortex. Together with earlier studies, these findings indicate
that DM shares some, but not all antidepressant mechanisms with ketamine. In light of the recent clinical
report of DM’s efficacy (some within 1-2 days) for bipolar depression and our preclinical findings,
additional studies are needed to identify specific molecular mechanisms through which DM conveys its
antidepressant effects, as well as to further examine DM’s potential as a safe and effective fast acting
antidepressant.
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CHAPTER 6
Potentiation of nerve growth factor-induced neurite outgrowth by DM
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6.1. Introduction
As discussed in Chapters 2 and 5, increasing evidence suggests that the action of fast acting and
conventional antidepressants likely involves neural plasticity; i.e., antidepressants may exert their
therapeutic effects by stimulating adaptive changes in the CNS. Indeed, stress as well as psychoactive
drugs, including antidepressants, have been reported to induce not only neurobiochemical alterations but
also structural alterations and synaptic remodeling, including sprouting of neurites and changes of
dendritic spines (Castren and Rantamaki, 2010; Duman, 2014a; Fishback et al., 2010; Nakamura, 1991;
Norrholm and Ouimet, 2001; Pittenger and Duman, 2007). In animal studies, in particular, several classes
of antidepressants could reverse the reductions in the density of dendritic spines in hippocampal neurons
induced by stress or by depression (Duman, 2014a; Norrholm and Ouimet, 2001; Pittenger and Duman,
2007). Additionally, chronic ETC has been shown to induce axonal sprouting in the rodent hippocampus
(Gombos et al., 1999; Lamont et al., 2001).
Previous studies in the rat pheochromocytoma PC12 cell line, which has been widely used as a
model for studying neuronal differentiation and neurite outgrowth (Greene and Tischler, 1976), have
shown that conventional antidepressants such as imipramine, fluvoxamine, fluoxetine, and escitalopram
as well as atypical and fast acting antidepressants characterized by mirtazapine and ketamine,
respectively, can potentiate NGF-induced neurite outgrowth (Ishima et al., 2014; Nishimura et al., 2008;
Robson et al., 2012; Takebayashi et al., 2002). This type of neuronal plasticity may contribute to their
therapeutic effects in human populations. In addition, all the mentioned drugs (with the exception of
mirtazapine) have moderate to high binding affinity to sigma-1 receptors (Fishback et al., 2010; Ishima et
al., 2014; Robson et al., 2012) and have been shown to potentiate NGF-induced neurite outgrowth
through activation of sigma-1 receptors (Ishima et al., 2014; Nishimura et al., 2008; Robson et al., 2012;
Takebayashi et al., 2002). Selective sigma-1 agonists have also been shown to potentiate NGF-induced
neurite outgrowth (Nishimura et al., 2008; Takebayashi et al., 2002), further suggesting a role for sigma-1
receptors in neuronal plasticity.
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DM has high binding affinity to sigma-1 receptors (see Table 1, page 4), and we have shown that
it acts as an agonist at sigma-1 receptors to elicit antidepressant-like effects in vivo (Nguyen et al., 2014).
However, the ability of DM to modulate antidepressant-relevant neural adaptations has yet to be
systematically investigated. The PC12 cell model provides a rational format for the initial evaluation of
the potential of DM to promote neuronal remodeling as well as characterization of the specific cellular
mechanisms that may be involved. We know that ketamine can promote sigma-1 receptor-mediated
neurite outgrowth in PC12 cells (Robson et al., 2012) and hypothesize that DM can do the same. In
addition to examining the effects of our drugs of interest in the absence and presence of a sigma-1
antagonist (NE-100, 4-methoxy-3-(2-phenylethoxy)-N,N-dipropylbenzeneethanamine), an AMPA
antagonist (NBQX) and specific inhibitors of signaling molecules thought to be downstream players of
activation of AMPA receptors [LY294002, 2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one, for
phosphatidylinositol 3-kinase (PI3K); PD98059, 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one,
for MAPK; and rapamycin for mammalian target of rapamycin (mTOR)] or trkA receptor (NGF receptor)
[same inhibitors for AMPA pathways; and U73122, -[6-[[(17β)-3-methoxyestra-1,3,5(10)-trien-17yl]amino]hexyl]-1H-pyrrole-2,5-dione, for phospholipase C-gamma (PLC-γ)] will be used to begin
elucidating the underlying mechanisms and signaling pathways (Figure 17). In this chapter, we show the
results of the first part, i.e., whether DM can potentiate NGF-induced neurite outgrowth in PC12 cells.
Unfortunately, the evaluation of the hypothesized cellular mechanisms was not pursued in this
dissertation due to technical limitations of our current model system. Thus, of great interest for future
investigations would be identification of the precise cellular mechanisms underlying the enhancement of
DM on neurite outgrowth in vitro and confirmation in vivo.

6.2. Results
Examples of cells with neurite outgrowth are shown in Figure 18, with the extension of branching
varicose processes similar to those produced by sympathetic neurons in primary cell culture (Bradshaw et
al., 1974; Tischler and Greene, 1975). Over the course of 2 days, 0.039 to 10 ng/mL NGF dose
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dependently induced neurite sprouting in PC12 cells (Figure 19; F[9,44]=15.92, P<0.0001). The induction
of neurite outgrowth appears to plateau at a final concentration of 2.5 ng/mL of NGF (12.61±1.87%).
Therefore, for subsequent experiments, a final concentration of 0.3125 ng/mL (7.16±0.58%) was used, as
this concentration allowed for bidirectional changes in neurite outgrowth following concomitant exposure
to compounds of interest (i.e., low and high enough to allow for visualization of the potentiation or
reduction, respectively, of neurite outgrowth).
When the TCA imipramine was tested for its ability to potentiated NGF-induced neurite
outgrowth, a one-way ANOVA showed that the changes were significant (Figure 20; F[7,88]=5.65,
P<0.001). Furthermore, post-hoc Dunnett’s test revealed that imipramine potentiated NGF-induced
neurite outgrowth at the following concentrations: 10 (q=4.23, P<0.001) and 100 (q=3.22, P<0.05) nM.
Ketamine also significantly potentiated NGF-induced neurite outgrowth (Figure 21; F[7,73]=3.08,
P<0.01). Post-hoc tests revealed that ketamine significantly potentiated NGF-induced neurite outgrowth
at the following concentrations: 10 (q=3.12, P<0.05) and 100 (q=3.61, P<0.01) nM.
DM, which had no effect on the neurite outgrowth when administered by itself (F[7,82]=1.39,
n.s.), also significantly potentiated the neurite sprouting induced by NGF (F[7,73]=5.71, P<0.001) (Figure
22A and B, respectively). Post-hoc tests revealed that DM significantly potentiated NGF-induced neurite
outgrowth at the following concentrations: 10 (q=3.17, P<0.05), 100 (q=4.04, P<0.001), 1000 (q=3.26,
P<0.05), and 10,000 (q=4.24, P<0.001) nM.

6.3. Discussion
In the present study, we found that imipramine and ketamine potentiated NGF-induced neurite
outgrowth, similar to previous studies (Robson et al., 2012; Takebayashi et al., 2002). In addition, this is
the first report of DM potentiating NGF-induced neurite outgrowth in PC12 cells. Despite these
promising preliminary results, however, the PC12 model under the current laboratory settings has been a
less than ideal cell model, and results have been difficult to reproduce. The PC12 cells appear highly
dependent on the cell passage number, the batch of NGF, and/or other experimental conditions. There was
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Figure 17. Proposed signaling pathways involved in stimulation of neurite outgrowth by ketamine and
DM. Ketamine may activate AMPA receptors and subsequent downstream signaling pathways (blue
arrows) to eventually induce neurite outgrowth. In addition to or separate from AMPA pathways,
ketamine may potentiate the activation of NGF-mediated pathways (green arrows) through its agonist
activity at sigma-1 receptors (designated by the diamonds), which may modulate and enhance the activity
of the different signaling molecules. With its overlapping pharmacology, DM may activate similar
pathways.
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Figure 18. Representative image of neurite sprouting in PC12 cells. Cells were treated with a low
concentration (0.3125 ng/mL) of NGF with concomitant drug exposure (imipramine, 10 nM) for 48 hr.
The magnification was 10-fold, with the enlarged picture showing cells with neurites, indicated with an
arrowhead.

Figure 19. NGF induces neurite outgrowth in PC12 cells. At least two separate experiments were carried
out. Data shown are expressed as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, vs. vehicle control;
one-way ANOVA followed by post-hoc Dunnett’s tests.
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Figure 20. Imipramine potentiates NGF-induced neurite outgrowth in PC12 cells. At least two separate
experiments were carried out. Data shown are expressed as the mean ± SEM. *P<0.05, ***P<0.001, vs.
vehicle control; one-way ANOVA followed by post-hoc Dunnett’s tests.

Figure 21. Ketamine potentiates NGF-induced neurite outgrowth in PC12 cells. At least two separate
experiments were carried out. Data shown are expressed as the mean ± SEM. *P<0.05, **P<0.01, vs.
vehicle control; one-way ANOVA followed by post-hoc Dunnett’s tests.
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Figure 22. DM does not induce neurite outgrowth alone but potentiates NGF-induced neurite outgrowth
in PC12 cells. In the absence of NGF, DM had no effect on neurite sprouting (A). In the presence of NGF,
DM significantly potentiated NGF-induced neurite outgrowth in a dose-dependent manner (B). At least
two separate experiments were carried out. Data shown are expressed as the mean ± SEM. *P<0.05,
***P<0.001, vs. vehicle control; one-way ANOVA followed by post-hoc Dunnett’s tests.
A.

B.
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variability in the magnitude of percentage of cells with neurite outgrowth with the different treatments;
variability in the drug concentration needed to achieve the maximum percentage of cells with neurite
outgrowth; and variability in NGF concentration needed to achieve low percentage (5-8%) of cells with
neurite outgrowth in the vehicle control. These issues have made it difficult to detect reproducible
differences between groups in subsequent studies.
In considering whether to pursue additional studies using the PC12 cell model, some advantages
and limitations will be mentioned here. One advantage is that the PC12 cells have been widely used as an
in vitro model system to study differentiation into a neuronal phenotype (Greene and Tischler, 1982),
including studies on the effects of neurotoxicants on differentiation (Slotkin and Seidler, 2009), and
neurobiological and neurochemical studies to investigate cytoskeleton behavior (Arregui et al., 1994;
Sparatore et al., 2000; Takemura et al., 1993), axonal growth and regeneration (Flynn et al., 2009; Markus
et al., 2002; Paveliev et al., 2007), and neurotrophin signaling pathways (Vaudry et al., 2002). PC12 cells
originate from adrenal chromaffin cells, whose differentiation into sympathetic neurons can be induced by
specific factors including NGF, basic fibroblastic growth factor (bFGF), and cyclic adenosine
monophosphate (cAMP) (Sofroniew et al., 2001). Due to their well-characterized response to varying
doses of NGF as well as published sigma-mediated effects, PC12 cells provide a good experimental
model system for investigating cooperative effects in neurite formation that may be relevant to the effects
of DM and other antidepressant drugs. Moreover, the mechanisms of PC12 cell neurite outgrowth are
well-documented, which allows for the investigation of specific cellular targets activated by drugs of
interest that may be involved to execute a complex process such as neurite extension.
One limitation of PC12 cells is that they have the potential for genetic drift with respect to
repeated cell passage with a concomitant change in phenotype (Banker and Goslin, 1998; Harry et al.,
1998), which may in part explain our sub-optimal reproducibility; we had used old, frozen aliquots of
PC12 cells that had been used in a previous study in the lab (Robson et al., 2012). In addition, although
PC12 cells can acquire properties similar to sympathetic neurons, they do not develop definitive axons or
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dendrites (Banker and Goslin, 1998; Greene and Tischler, 1976), and it is unclear if they can form
functional synapses between their neurites (Jeon et al., 2010). A potential advantage from this, however,
would be that PC12 cells could be used solely for the investigation of neurite outgrowth and primary
neuronal cultures, for example, for synaptic plasticity, and that these two distinctive processes can be
studied separately. Also, model neuron-like cells (such as PC12) are simpler and more flexible than low
density cultures of primary neurons. Alternative studies examining antidepressant-related neural plasticity
can focus on hippocampal neurogenesis (Santarelli et al., 2003) and spine formation (Li et al., 2010), both
of which have also been shown to partly involve sigma-1 receptors (Matsumoto et al., 2005; Moriguchi et
al., 2013; Tsai et al., 2009).
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CHAPTER 7
Evaluation of the antidepressant-like effects of deuterated DM
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7.1. Introduction
Before DM can be tested in depressed patients, one major challenge that must be overcome is its
substantial first-pass metabolism. DM is rapidly metabolized primarily by CYP2D6 into its major
metabolite DX (Schmid et al., 1985), decreasing its bioavailability and potential antidepressant efficacy.
Moreover, increased exposure to DX, a more potent NMDA receptor antagonist than DM itself, increases
the risk for PCP-like psychotomimetic effects seen with high dose DM (Miller, 2011).
Two approaches to extend the half-life of DM include 1) adding an inhibitor of CYP2D6, such as
quinidine, and 2) chemically modifying DM to inhibit its metabolism. The first strategy has resulted in a
combination drug that is approved by the FDA and EMA for the treatment of PBA. The present study
focuses on the second strategy, working with a deuterium (d6)-enriched DM. Deuterium is a naturally
occurring isotope. It is one of two stable isotopes of hydrogen which contains one proton and one neutron
in the nucleus, in contrast to the lighter and more common isotype, protium, which has no neutron (Gant,
2014). Deuterium can make stronger chemical bonds than hydrogen; when this particular structural
modification is made to functional groups commonly degraded during metabolism, the modified
compound may have enhanced metabolic stability and hence a longer half-life (Gant, 2014).
Using the FST and TST, the two most validated behavioral assays for assessing antidepressant
potential (Cryan and Holmes, 2005; Cryan et al., 2005; McArthur and Borsini, 2006; Nestler et al.,
2002b), d6-DM was evaluated for antidepressant-like effects. Next, to better characterize the
antidepressant-like effects of d6-DM, all subsequent studies were carried out in the FST, the more
validated of the two behavioral assays (Cryan and Holmes, 2005; McArthur and Borsini, 2006; Nestler et
al., 2002b). As AMPA and sigma-1 receptors have been implicated in mediating the antidepressant-like
actions of regular DM (Nguyen and Matsumoto, 2015; Nguyen et al., 2014), an AMPA receptor
antagonist (NBQX) and two sigma-1 antagonists (BD1063 and BD1047) were also evaluated in
conjunction with d6-DM to determine the involvement of these two receptors in the antidepressant-like
effects of d6-DM. Finally, because the deuteration may only partially reduce the formation of metabolites,
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d6-DM was also tested in combination with quinidine to determine if the addition of quinidine may
improve its antidepressant-like effects.

7.2. Results
7.2.1. Effects of d6-DM alone in the FST, TST, and OFT
d6-DM produced a significant dose-dependent decrease in immobility time in the FST and TST
(Figure 23A and B; F[3,46]=6.91, P<0.001 and F[2,22]=4.99, P<0.05, respectively). Post-hoc Dunnett’s
tests showed that d6-DM at 30 mg/kg was significantly different from saline (q=3.48, P<0.01 and q=3.04,
P<0.05, in the FST and TST respectively). In the OFT, d6-DM also produced a significant increase in
locomotor activity (Figure 23C; F[3,71]=7.33, P<0.001). Post-hoc Dunnett’s test confirmed that d6-DM
at 30 mg/kg significantly differed from saline (q=6.59, P<0.001). Since d6-DM showed significant
stimulant effects, a correlation analysis between locomotor activity and immobility time was carried out
to determine whether the stimulant effects could account for its observed antidepressant-like actions. The
Pearson’s r correlation test including data points from all the doses of d6-DM tested revealed that there
was no correlation between the d6-DM-induced alterations in locomotor activity in the OFT and
immobility time in the FST and TST (Figure 23D; r=-0.14, n.s.).

7.2.2. Effects of AMPA or sigma-1 receptor antagonists on d6-DM in the FST and OFT
Pretreatment with the AMPA receptor antagonist NBQX (30 mg/kg) failed to prevent the
antidepressant-like effects of d6-DM in the FST (Figure 24A). ANOVA confirmed a significant
difference between the various treatment groups (F[3,41]=10.84, P<0.001). Pairwise comparisons using
post-hoc Tukey’s multiple comparison tests confirmed that d6-DM significantly reduced immobility time
compared to saline (q=4.97, P<0.01). However, post-hoc comparisons showed that the NBQX + d6-DM
group did not differ significantly from d6-DM alone (q=1.24, n.s.), and had a significant reduction in
immobility time compared to saline (q=5.21, P<0.01). Pretreatment with the sigma-1 receptor antagonist
BD1063 (10 mg/kg) or BD1047 (20 mg/kg) showed a noticeable trend toward the attenuation of the
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Figure 23. Antidepressant-like and stimulatory effects of d6-DM in the FST, TST and OFT. d6-DM produced a significant decrease in
immobility time the FST (A) and FST (B) and a significant increase in locomotor activity in the OFT (C). However, no significant correlation was
observed between the d6-DM-induced alterations in locomotor activity and immobility time (D). Bar graph data shown are expressed as mean ±
SEM. For the correlation graph, black circles represent data points from mice subjected to the FST and blue circles from mice subjected to the
TST. *P<0.05, **P<0.01, ***P<0.001 compared with the saline control group; one-way ANOVA followed by post-hoc Dunnett’s tests. Pearson’s
r correlation test for correlation analysis.
A.
B.
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C.

D.
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Figure 24. Blockade of AMPA or sigma-1 receptors attenuated the stimulatory effects, but not antidepressant-like effects of d6-DM. Pretreatment
with NBQX (AMPA receptor antagonist, 30 mg/kg), BD1063 (sigma-1 receptor antagonist, 10 mg/kg), or BD1047 (sigma-1 receptor antagonist,
20 mg/kg) failed to significantly block d6-DM (30 mg/kg)-induced reduction in immobility time in the FST (A, B, and C, respectively). In the
OFT, NBQX, BD1063, and BD1047 all prevented the d6-DM-induced increase in locomotor activity (D, E, and F, respectively). Data shown are
expressed as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, compared with the saline control group; ###P<0.001 compared to the d6-DM-treated
group; one-way ANOVA followed by post-hoc Tukey’s tests.
A.
B.

96

C.

D.

E.

F.
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antidepressant-like effects of d6-DM (Figure 24B and 2C). The overall ANOVA was significant for the
BD1063 and BD1047 pretreatment studies (F[3,46]=4.16, P<0.05, and F[3,37]=4.14, P<0.05,
respectively). Post-hoc Tukey’s tests further confirmed that the BD1063 + d6-DM and BD1047 + d6-DM
groups did not different significantly from saline (q=3.55, n.s. and q=0.60, n.s., respectively). However,
the difference in the effects of d6-DM in the absence and presence of BD1063 or BD1047 was not
significant (q=0.82, n.s. and q=3.48, n.s., respectively), reflecting partial attenuation of the effects. In the
locomotor studies, there was a significant difference in the effects of the various treatment groups (Figure
24D, E, and F; F[3,61]=11.36, P<0.001; F[3,66]=9.58, P<0.001 and F[3,66]=10.37, P<0.001,
respectively). Post-hoc Tukey’s tests confirmed the ability of pretreatment with NBQX, BD1063, or
BD1047 to block the stimulant effect of d6-DM (q=5.88, P<0.001; q=6.24, P<0.001, and q=5.77,
P<0.001, respectively).

7.2.3. Effects of quinidine on d6-DM in the FST and OFT
Co-administration of quinidine (30 mg/kg) had no significant effects on the antidepressant-like
effects of d6-DM (Figure 25A). The overall ANOVA was significant (F[7,77]=4.86, P<0.001). Post-hoc
Tukey’s test confirmed that d6-DM (30 mg/kg) alone was significantly different from saline (q=4.92,
P<0.05) and not significantly different from Quinidine + d6-DM (30 mg/kg) (q=0.04, n.s.). Though
quinidine in combination with increasing doses of d6-DM produced very similar dose-dependent
decreases in immobility time compared to d6-DM alone, the highest dose of d6-DM tested (30 mg/kg) did
not produce a statistically significant effect when combined with quinidine compared to the saline control
group (q=3.83, n.s.). In locomotor studies, quinidine significantly reduced the stimulatory effects of d6DM (30 mg/kg) (Figure 25B; F[7,102]=5.39, P<0.001). Post-hoc Tukey’s tests confirmed that the d6-DM
(30 mg/kg) alone group differed significantly from saline (q=6.99, P<0.001) as well as the Quinidine +
d6-DM (30 mg/kg) group (q=6.74, P<0.001).
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Figure 25. Co-administration of quinidine attenuated the stimulatory effects, but had no significant
effects on the antidepressant-like effects of d6-DM. Co-administration of quinidine (30 mg/kg) produced
a dose-dependent, albeit statistically non-significant, decrease in immobility time in combination with d6DM (30 mg/kg) in the FST (A). In the OFT, quinidine blocked the d6-DM-induced increase in locomotor
activity (B). Data shown are expressed as mean ± SEM. *P<0.05, ***P<0.001, compared with the saline
control group; ###P<0.001 compared to the d6-DM (30 mg/kg)-treated group; one-way ANOVA
followed by post-hoc Tukey’s tests. Black bar (■) with quinidine; white bar (□) without quinidine.
A.

B.
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7.3. Discussion
d6-DM displays a dose-dependent decrease in immobility time in the FST and TST similar to
regular DM, reaching significance at the same dose (Nguyen and Matsumoto, 2015; Nguyen et al., 2014).
Concomitant administration of quinidine appears to have no significant effects on d6-DM in the FST,
suggesting that any additional metabolism of d6-DM that may be occurring in vivo is unlikely to
significantly alter its antidepressant-like actions. Interestingly, while pretreatment with an AMPA
receptor antagonist (NBQX) or a sigma-1 receptor antagonist (BD1063) had previously significantly
attenuated the antidepressant-like effects of DM in the FST (Nguyen and Matsumoto, 2015; Nguyen et
al., 2014), pretreatment with these same doses of antagonists failed to significantly block the
antidepressant-like effects of d6-DM, suggesting that d6-DM may be working through mechanisms
different from DM to facilitate its antidepressant actions.
The inability of the antagonists to block the antidepressant-like effects of regular DM but not d6DM is surprising, considering that deuteration of a compound typically has no effect on biological
potency or selectivity (e.g., target binding affinity, subtype binding) (Gant, 2014). In fact, it is often
virtually identical in all of its biological properties with the useful exception of those processes involving
bond-breaking at the specifically modified C-H site(s) that are oxidatively labile (Gant, 2014). The C-d6
bonds may be considerably more stable to oxidative processes, rendering the d6-enriched compound to be
more resistant to, for instance, CYP-mediated metabolism (Gant, 2014). Preliminary binding affinity
studies for d6-DM as well as pharmacokinetic data in healthy human subjects suggest these general
features of d6-compounds are also true of d6-DM: d6-DM had virtually indistinguishable binding
affinities from DM at all tested protein targets, which included many of the antidepressant-relevant ones
mentioned below, and it also had a longer half-life (L. Pope, personal communication). d6-DM is
expected to similarly have a longer half-life in mice, though this remains to be confirmed. With improved
metabolic stability, it is likely that the specific types and ratios of metabolites produced by d6-DM differs
from regular DM and convey a different biological profile. This may in part explain why d6-DM is seen
here producing antidepressant-like effects through a different mechanism than regular DM.
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DM has multiple properties in common with fast acting and conventional antidepressants as well
as unique properties that may confer therapeutic response in depression, especially in the treatment of
refractory cases (Lauterbach, 2012; Stahl, 2013b). On top of utilizing AMPA and sigma-1 receptors to
convey antidepressant effects, for example, DM may increase 5-HT levels (Codd et al., 1995; Kamei et
al., 1992), possibly through its interaction at SERT and 5-HT1B/D receptor (Codd et al., 1995; Werling et
al., 2007a). DM has also been reported to modulate NE reuptake (Codd et al., 1995), which would be
anticipated to also contribute antidepressant effects in humans, although it would not account for potential
fast acting effects. In addition, similar to ketamine, DM is an NMDA receptor antagonist, which is
thought to be an initiating mechanism by which ketamine produces its fast acting effects (Abdallah et al.,
2015). Thus, the multiple receptor actions of DM and its ability to modulate the monoaminergic and
glutamatergic system suggests that it would have, if not rapid acting effects, at least some beneficial
effects in depressed patients. Indeed, a recent retrospective study has shown that DM in combination with
quinidine can improve mood in depressed patients with treatment-resistant bipolar disorder, with some
reporting changes within 1-2 days of initiating treatment or increasing dose (Kelly and Lieberman, 2014).
It is possible that d6-DM may be using these other described mechanisms of action, or that all these
mechanisms are contributing to the antidepressant-like effects of d6-DM observed in the FST such that no
one antagonist can inhibit the effects alone. In support of the latter scenario, the sigma-1 receptor
antagonists, especially BD1047, produced a noticeable, albeit not statistically significant, trend toward the
prevention of the decreased immobility time induced by d6-DM. This suggests that sigma-1 receptors
may play a partial role in producing the antidepressant-like effects of d6-DM. Moreover, it is important to
note that we only used one depression-related behavioral assay in the antagonism studies. Though the
FST is the most validated animal model for predicting antidepressant efficacy and thus provides a rational
format for initial evaluation of the antidepressant potential of d6-DM, additional studies are needed to
further examine this antidepressant potential and the involved mechanism(s) of action.
Finally, d6-DM produces stimulant actions that were quantified herein as increases in locomotor
activity. Two observations are of note with regard to these actions. First, the stimulant effects cannot
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account for the antidepressant-like actions of d6-DM. Second, quinidine does not appear to alter the
antidepressant-like effects of d6-DM but significantly reduced the d6-DM-induced increase in locomotor
activity. The latter finding suggests certain metabolites (most likely DX) are still being formed with d6DM alone (in the absence of quinidine) and may be contributing to the observed stimulant actions. The
addition of quinidine to d6-DM therefore could be advantageous during further drug development since
the combination may retain desired therapeutic antidepressant-like effects without eliciting unwanted
stimulant effects. This reduction in stimulatory effects and potential abuse liability is especially important
considering recent reports of a rise in the abuse of DM in OTC cough medicines, especially by
adolescents (Bryner et al., 2006; Burns and Boyer, 2013).
In conclusion, the present data show that deuteration of DM retains antidepressant efficacy,
though this modification may lead to the recruitment of different protein target(s) through altered
metabolism profiles, compared to regular DM, to elicit the antidepressant actions. Moreover, the addition
of quinidine to further inhibit the metabolism of d6-DM did not significantly affect its antidepressant-like
effects but removed unwanted stimulant effects. Additional refinements of the deuteration strategy may
improve therapeutically effective blood levels of DM without even the need of quinidine or lower doses
of quinidine than currently used in combination with regular DM for the treatment of PBA (Schoedel et
al., 2014); for though the dose of quinidine used for PBA (10 mg) is very low relative to doses used for its
standalone approved indications (100-600 mg), there are still concerns about its ability to change the
CYP2D6-mediated metabolism of many other drugs (e.g., aripiprazole, donepezil, fluoxetine and
paroxetine) (Kelly and Lieberman, 2014; Schoedel et al., 2014; Schoedel et al., 2012) and caution and
contraindications to be considered in patients with a history of cardiovascular disease (e.g., risk for QTprolongation and heart failure) (Schoedel et al., 2014). Overall, d6-DM appears to be a promising
antidepressant drug lead, possibly with rapid acting antidepressant effects or efficacy in treatmentresistant cases, with improved metabolic stability compared DM.
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CHAPTER 8
Evaluation of the antidepressant-like effects of dextrorphan
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9.1. Introduction
DM is rapidly metabolized primarily by CYP2D6 into its major metabolite DX (Capon et al.,
1996; Schmid et al., 1985; Yu and Haining, 2001). Because of this metabolism, the relative extent to
which DM or DX mediates the effects of DM is not always clear. This in turn has a bearing on the
mechanism of action of DM in view of the different affinities of DM and DX for various receptor sites
(Werling et al., 2007a).
In the present study, we examined whether the primary metabolite per se had antidepressant-like
effects. Using the FST and TST, the two most validated behavioral assays for assessing antidepressant
potential (Cryan and Holmes, 2005; Cryan et al., 2005; McArthur and Borsini, 2006; Nestler et al.,
2002b), DX was evaluated for antidepressant-like effects. Next, as sigma-1 receptors and AMPA have
been implicated in mediating the antidepressant-like actions of DM, two sigma-1 receptor antagonists
(BD1063 and BD1047) and an AMPA receptor antagonist (NBQX) were evaluated in conjunction with
DX to determine the involvement of these two receptors in the antidepressant-like effects of DX.

9.2. Results
9.2.1. Effects of DX in the FST, TST, and OFT
DX produced a significant dose-dependent decrease in immobility time in the FST and TST
(Figure 26A and B; F[3,36]=6.46, P<0.01 and F[2,19]=3.68, P<0.05, respectively). Post-hoc Dunnett’s
test showed that DX at 40 mg/kg was significantly different from saline (q=3.86, P<0.01 and q=2.69,
P<0.05, in the FST and TST respectively). In the OFT, DX also produced a significant increase in
locomotor activity (Figure 26C; F[3,58]=16.62, P<0.0001). Post-hoc Dunnett’s tests confirmed that the
following doses of DX significantly differed from saline: 20 (q=2.91, P<0.05), 30 (q=6.82, P<0.001), and
40 (q=3.71, P<0.01) mg/kg. Since DX showed significant stimulant effects, a correlation analysis
between locomotor activity and immobility time was carried out to determine whether the stimulant
effects could account for its observed antidepressant-like actions. The Pearson’s r correlation test
including data points from all the doses of DX tested revealed that there was no correlation between the
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Figure 26. Antidepressant-like and stimulatory effects of DX in the FST, TST and OFT. DX produced a significant decrease in immobility time
the FST (A) and FST (B) and a significant increase in locomotor activity in the OFT (C). However, no significant correlation was observed
between the d6-DM-induced alterations in locomotor activity and immobility time (D). Bar graph data shown are expressed as mean ± SEM. For
the correlation graph, black circles represent data points from mice subjected to the FST and blue circles from mice subjected to the TST. *P<0.05,
**P<0.01, ***P<0.001 compared with the saline control group; one-way ANOVA followed by post-hoc Dunnett’s tests. Pearson’s r correlation
test for correlation analysis.
A.
B.
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C.

D.
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DX-induced alterations in locomotor activity in the OFT and immobility time in the FST and TST (Figure
25D; r=-0.13, n.s.).

9.2.2. Effects of sigma-1 receptor antagonists on DX in the FST and OFT
Pretreatment with the sigma-1 preferring antagonists BD1063 (10 mg/kg) or BD1047 (20 mg/kg)
failed to attenuate antidepressant-like effects of DX in the FST (Figure 27A and B, respectively).
ANOVA confirmed a significant difference between the various treatment groups for the BD1063
(F[3,36]=4.52, P<0.01) and BD1047 (F[3,36]=4.25, P<0.05) antagonism studies. Pairwise comparisons
using post-hoc Tukey’s multiple comparison tests confirmed that DX significantly reduced immobility
time compared to saline (q=4.60, P<0.05 and q=4.71, P<0.05, respectively). However, post-hoc
comparisons showed that neither the BD1063 + DX nor the BD1047 + DX groups differed significantly
from DX alone (q=0.11, n.s. and q=0.69, n.s., respectively). Similarly, in the locomotor studies, the
overall ANOVA was significant for the BD1063 and BD1047 pretreatment studies (Figure 27C and D;
F[3,36]=10.87, P<0.0001 and F[3,36]=8.00, P<0.001, respectively). Post-hoc Tukey’s tests confirmed
that DX produced stimulatory effects (q=6.08, P<0.001 and q=5.80, P<0.01, respectively). However, the
BD1063 + DX and BD1047 + DX groups also differed significantly from saline (q=6.08, P<0.001 and
q=4.03, P<0.05 respectively), reflecting failed attenuation of the stimulatory effects of DX. Neither
BD1063 nor BD1047 alone had significant effects in the FST (t=1.59, n.s.; t=95, n.s., respectively) or
OFT (t=1.30, n.s.; t=1.69, respectively).

9.2.2. Effects of AMPA receptor antagonist on DX in the FST, TST and OFT
Pretreatment with the potent AMPA receptor antagonist NBQX (10 or 30 mg/kg) failed to
attenuate antidepressant-like effects of DX in the FST and TST (Figure 28A and B, respectively).
ANOVA confirmed a significant difference between the various treatment groups for the NBQX
antagonism studies in the FST (F[5,49]=4.62, P<0.01) and TST (F[3,28]=7.37, P<0.001). Pairwise
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Figure 27. Blockade of sigma-1 receptors failed to attenuate the antidepressant-like effects of DX in the FST (A and B) and stimulatory effects in
the OFT (C and D). Data are expressed as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 vs. saline-treated group; one-way ANOVA followed by
post-hoc Tukey’s tests. DX, dextrorphan.
A.
B.
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Figure 28. Blockade of AMPA receptors failed to attenuate the antidepressant-like effects of DX in the
FST and TST (A and B, respectively), but blocked the stimulatory effects in the OFT (C). Data are
expressed as mean ± SEM. *P<0.05, **P<0.01, vs. saline-treated group; #P<0.05, vs. DX-treated group;
one-way ANOVA followed by post-hoc Tukey’s tests. DX, dextrorphan.
A.

B.
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comparisons using post-hoc Tukey’s multiple comparison tests confirmed that DX significantly reduced
immobility time compared to saline in the FST and TST (q=4.81, P<0.05 and q=3.87, P<0.05,
respectively). However, post-hoc comparisons showed that NBQX (10 mg/kg) + DX or NBQX (30
mg/kg) + DX in the FST and NBQX (30 mg/kg) + DX in the TST did not differ significantly from DX
alone (q=0.54, n.s.; q=1.58, n.s.; and q=0.10, n.s., respectively). In the locomotor studies, pretreatment
with NBQX mitigated the stimulatory effects of DX (Figure 28C; F[5,81]=5.56, P<0.001). Post-hoc
Tukey’s tests confirmed that DX produced stimulatory effects (q=6.46, P<0.001), and the NBQX (30
mg/kg) + DX group differed significantly from the DX group (q=4.92, P<0.05). NBQX 10 mg/kg alone
had significant effects in the OFT (q=3.23, P<0.01), but neither doses had significant effects in the FST
(F[2,32]=0.68, n.s.) or TST (F[2,29]=2.93, n.s.).

9.3. Discussion
DX displays a dose-dependent decrease in immobility time in the FST and TST, similar to the
parent compound DM (Nguyen and Matsumoto, 2015; Nguyen et al., 2014). However, pretreatment with
neither the sigma-1 receptor antagonists nor the AMA receptor antagonist could attenuate the
antidepressant-like effects of DX, suggesting that DX may be eliciting antidepressant-like behaviors
through distinct mechanism(s).
DX, similar to DM, has multiple properties in common with fast acting and conventional
antidepressants as well as unique properties which may confer therapeutic response in depression,
especially in the treatment of refractory cases (Lauterbach, 2012). In addition to binding to sigma-1
receptors, DX may increase 5-HT levels (Codd et al., 1995), possibly through its interaction at SERT and
5-HT1B/D receptor (Codd et al., 1995; Werling et al., 2007a). DX has also been reported to modulate NE
reuptake (Codd et al., 1995), which would be anticipated to also contribute antidepressant effects in
humans. In addition, like ketamine, DX is a potent non-competitive NMDA receptor antagonist, with
approximately 10-fold greater binding affinity to the PCP-binding site than DM (Chou et al., 1999; Kim
et al., 2003a; Shin et al., 2007; Werling et al., 2007a). Thus, with its multiple receptor actions and
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potential ability to modulate the monoaminergic and glutamatergic system, it is possible that DX may be
using these other described mechanisms of action, or that all these mechanisms are contributing to the
antidepressant-like effects of DX observed in the FST and TST such that no one antagonist can inhibit the
effects alone.
Possibly by recruiting different protein(s) to elicit antidepressant actions, exposure to DX may
contribute to the antidepressant potential of DM. However, we have previously shown that quinidine
potentiated the antidepressant-like effects of DM in vivo (Nguyen and Matsumoto, 2015; Nguyen et al.,
2014) and this combination has been shown to rapidly resolve depressive symptoms in some bipolar
depressed patients (Kelly and Lieberman, 2014), suggesting that the antidepressant-like properties of DM
may be enhanced with increased early exposure of the parent compound (DM) compared to the major
metabolites (DX). In addition, because neither sigma-1 receptors nor AMPA receptors, which are two
molecular targets associated with producing a faster onset of antidepressant action (Hayashi and Su, 2008;
Knapp et al., 2002; Koike et al., 2011), appear to play an important role in mediating the antidepressantlike effects of DX, this suggests DX is unlikely to have fast acting antidepressant effects.
DX also produced stimulant actions which were quantified herein as increases in locomotor
activity. Two observations are of note with regard to these actions. First, the stimulant effects cannot
account for the antidepressant-like actions of DX. Second, our lab previously showed that DM can
produce stimulatory effects in some cohort of animals (Nguyen et al., 2014) but not others (Nguyen and
Matsumoto, 2015). Importantly, concomitant administration of quinidine to inhibit the rapid metabolism
of DM and reduce exposure to DX enhanced the antidepressant-like effects of DM without producing an
increase in locomotor activity (Nguyen and Matsumoto, 2015; Nguyen et al., 2014). In human studies,
CYP2D6 activity appears to be an important factor in the psychoactive effects of high doses of DM:
extensive metabolizers have reported greater abuse potential (e.g., higher ratings on the visual analog
scales of “good” drug effects and drug “liking”) (Zawertailo, Kaplan et al. 1998); and in a follow-up
study, pretreatment with quinidine decreased the positive subjective effects such as euphoria and drug
liking (Zawertailo, Tyndale et al. 2010). Likewise, increased exposure to DX have been thought to
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increase the risk for PCP-like psychotomimetic effects seen with high dose DM (Miller, 2011). These
findings together suggest that DX may contribute to the stimulatory effects and abuse liability of DM
observed in our in vivo studies (Nguyen et al., 2014) and in human populations (Bryner et al., 2006;
Burns and Boyer, 2013; Miller, 2011). In addition, NMDA antagonists have not fared well in clinical
trials despite promising preclinical data due a number of limiting adverse CNS effects, including
hallucinations, a centrally mediated increase in blood pressure and, at high doses, catatonia and anesthesia
(for which the NMDA ion-channel blockers PCP and ketamine were initially developed) (Kemp and
McKernan, 2002). In this study, DX, along with stimulatory effects, produced notable ataxia at the
antidepressant dose, indicative of problematic NMDA-related side effects (Muir and Lees, 1995).
In conclusion, the present data show that DX produces antidepressant-like effects through
mechanism(s) independent of sigma-1 and AMPA receptors. While it is still not fully understood the
extent to which DX may mediate the effects of DM, studies utilizing quinidine to slow down the
metabolism of DM thus far suggest that increased early exposure of the DM compared to DX may
increase the antidepressant potential of DM, particularly for fast acting effects; and that avoiding
significant metabolism to DX would enhance the therapeutic potential of DM by reducing potential side
effects. Overall, DX may contribute to the antidepressant effects of DM, though exposure should be
limited to decrease abuse liability and other adverse effects.
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CHAPTER 9
Summary and conclusions

116

DM produces behavioral changes in both the FST and TST predictive of antidepressant efficacy.
The antidepressant-like effects involve sigma-1 and AMPA receptors, are not dependent on stimulant
actions, and also do not appear to be associated with changes in BDNF-related outputs. DX may
contribute to the antidepressant effects of DM, though concomitant administration of quinidine to slow
down the metabolism of DM and reduce exposure to DX have suggested that the antidepressant-like
properties of DM is enhanced with increased early exposure of the parent compound (DM) compared to
the major metabolites (DX). Moreover, reduced exposure to DX may improve the therapeutic potential of
DM by reducing abuse liability and other adverse effects, most notably PCP-like psychotomimetic effects
seen with high dose DM. Another approach to extend the half-life of DM is to chemically modify it to
make it more resistant to metabolism, as in the case with d6-DM. d6-DM appears to be a promising
antidepressant drug, with improved metabolic stability compared DM, though this modification may lead
to the recruitment of different protein target(s) to elicit the antidepressant actions.
Ketamine, on the other hand, produced antidepressant-like effects that involved AMPA but not
sigma-1 receptors, and were associated with an increase in pro-BDNF in the mouse hippocampus. Also
important, imipramine, which unlike ketamine takes weeks instead of hours to produce antidepressant
effects, displayed antidepressant-like effects that involved neither AMPA nor sigma-1 receptors and were
not associated with an increase in pro-BDNF.
Overall, DM may share some, but not all antidepressant mechanisms with ketamine and
imipramine, suggesting it may be useful particularly in treatment-refractory cases. Because the
antidepressant actions of DM appear to involve both sigma-1 and AMPA receptors, two molecular targets
associated with producing a faster onset of antidepressant actions in preclinical studies, it is likely that
DM may produce antidepressant effects faster than conventional antidepressant. Compared to ketamine,
DM may promote neural plasticity at a later time point or through trophic factors other than BDNF (e.g.,
NGF). In fact, there has been some clinical evidence that DM in combination with quinidine can rapidly
improve mood in patients with treatment-resistant bipolar depression (Kelly and Lieberman, 2014).
Whether or not DM will have rapid efficacy in unipolar depression as well remains to be determined.
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Fortunately, the availability of DM for use in humans both alone in combination with quinidine makes it
amenable for repurposing and quick translation into the clinic.
A preferred future prospective clinical trial would involve examining the efficacy and safety of
DM in combination with quinidine in patients who will have met the DSM-V diagnostic criteria for MDD
and will be considered treatment-resistant. It is unknown if DM/quinidine will make MDD patients feel
better, have no effect, or even worsen their condition, thus patients who are treatment-resistant as well as
physicians overseeing these patients would be more inclined to test this innovative treatment option
compared to newly diagnosed MDD patients. Moreover, if DM/quinidine is effective, it is likely to be
“true” effect (vs. placebo effect) because the study participants have already tried and remain
unresponsive to multiple current medication options. Existing medications that the subjects are taking will
not serve as exclusion criteria unless they have known drug-drug interactions with the study medications,
or if the doses will be significantly altered during the course of the study; since the patients are treatmentresistant, as long as their current medications remain constant throughout the study and do not interact
with the study drugs, they should not affect the outcome. The trial will run for at least 6 weeks
(considered to be an adequate trial with conventional antidepressants) with a return visit after the first 2-3
days and then at more spaced out intervals (e.g., at 2-3 days, week 1, week 2, week 4, and week 6) to
ensure that rapid effects, if any, previously seen in the retrospective study in bipolar depression (Kelly
and Lieberman, 2014) can be captured here in this study with MDD.
With the results presented in this Ph.D. thesis showing that DM produces antidepressant-like
effects through two mechanisms that are distinct from modulation of the monoaminergic system and that
may contribute to a faster onset of antidepressant effects, and the recent clinical evidence of
antidepressant efficacy in treatment-resistant bipolar depression within a couple of days, it is likely that,
for MDD, DM will produce therapeutic effects faster than conventional antidepressants and have efficacy
in treatment-refractory cases. Future prospective clinical trials to test the efficacy of DM in MDD are
warranted; because in spite of widespread antidepressant development since the 1950s, most of currently
approved antidepressants are monoaminergic based and far from the ideal ones, resulting in undesirable
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side effects, requiring weeks to months of treatment to produce therapeutic effect, and remaining
ineffective in about a third of the patients. Successful repurposing of DM as a fast, safe, and effective
treatment for use in the general clinical population has the potential to transform the treatment of
depression.
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Appendix A
Materials and methods
Animals
Male, Swiss Webster mice (24–28 g; Harlan, Frederick, MD) were housed with food and water ad
libitum, with a 12:12 h light–dark cycle. Animals were housed in groups of five for at least one week
prior to initiation of experiments. All procedures were conducted in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Institutional Animal Care and Use Committee at West Virginia
University (Morgantown, WV), and all efforts were made to minimize suffering. Each experimental
group consisted of 5-15 animals. The behavioral experiments (Figure 29) were carried out between 10:00
a.m. and 4:00 p.m. For a selected cohort, animals were killed by decapitation and the hippocampus and
frontal cortex were extracted for western blot analysis (N=8-10 per group).

Drugs and chemicals
DM hydrobromide, d6-DM and quinidine sulfate were provided by Avanir Pharmaceuticals, Inc.
(Aliso Viejo, CA) or purchased from Sigma-Aldrich (St. Louis, MO). Ketamine hydrochloride and
imipramine hydrochloride were purchased from Sigma-Aldrich. Fluoxetine hydrochloride, BD1063 (1-[2(3,4-dichlorophenyl)ethyl]-4-methylpiperazine dihydrochloride), BD1047 (N-[2-(3,4dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino)ethylamine dihydrobromide), and NBQX (2,3-dioxo6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt) were obtained from Tocris
(Ellisville, MO). For the behavioral studies, all compounds were dissolved in sterile saline (Teknova,
Hollister, CA). Mice received intraperitoneal (i.p.) injections of saline or drug solutions at a volume of 10
ml/kg of body weight after acclimating to the open field test, 30 min prior to the TST or FST.
Pretreatment with BD1063, BD1047 or NQBX was administered 15 min prior to the second drug
(imipramine, ketamine or DM). For the saturation binding assays, [3H](+)-pentazocine (34.8 Ci/mmol)

121

Figure 29. Illustrations of FST, TST, and OFT.

Open field test (OFT)

Forced swim test (FST)

Tail suspension test (TST)
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was procured from Perkin Elmer (Hopkington, MA). All other chemicals and reagents were purchased
from standard commercial suppliers (Sigma-Aldrich, St. Louis, MO).

Open field test (OFT)
Locomotor activity was measured utilizing an automated activity monitoring system (San Diego
Instruments, San Diego, CA). Prior to locomotor activity measurements, animals were acclimated to the
testing facility for at least 30 min and habituated to the testing chambers for an additional 30 min. Each
testing chamber consisted of a Plexiglas housing and a 16 × 16 photobeam array to detect lateral
(ambulatory and fine) movements, with a separate 16 photobeam array to detect rearing activity.
Subsequent to the acclimation period, animals were treated and placed back in their respective chambers.
Ambulatory, fine and rearing movements were quantified and summated as a measure of total locomotor
activity for the next 30 min. Immediately after the locomotor measurements, mice were evaluated in
either the FST or TST.

Forced swim test (FST)
Animals were placed in individual cylinders of water (10 cm deep) for a total of 6 min for the
FST. The initial 2 min was an acclimation period and not scored. During the remaining 4 min, immobility
time was quantified using ANY-Maze Version 4.63 video tracking software (Stoelting Co., Wood Dale,
IL). Immobility was defined as no activity other than that required to maintain the animal's head above
the surface of the water. ANY-Maze software settings were as follows: accustomization period = 120 s,
test duration = 240 s, minimum immobility time = 2000 ms (2 s), and immobility sensitivity = 65%.

Tail suspension test (TST)
The TST was carried out according to the method described by Steru et al. (Alt et al., 2006), with
modifications. To prevent tail climbing behaviors, a clear hollow polyvinyl chloride cylinder (Nalgene),
cut to 4 cm length, was placed around the tail of each mouse (Alt et al., 2005). Each mouse was then hung
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upside down by the tail and fastened with adhesive tape (2-4 cm from the tip of the tail) to a metal rod
attached to a ring-stand. Mice were suspended 35 cm above the surface of a table, with the animals at
least 15 cm from any object. Individual mice were videotaped using ANY-maze version 4.63 video
tracking software for a total of 6 min. The initial 2 min was an acclimation period and not scored. During
the remaining 4 min, immobility time was quantified by three observers blind to the experimental
conditions. Immobility was defined as when the mice hung passively and completely motionless.

Saturation binding assays
To determine Kd and Bmax by saturation binding, assays were performed in the absence (control)
and presence of DM (400 nM) using methods previously published in detail (Nguyen et al., 2005). The
concentration of DM used in these assays was based on the reported Ki of the drug for sigma-1 receptors
(Fishback et al., 2012). Briefly, 15 concentrations of [3H](+)-pentazocine (0.1-100 nM) were used to label
sigma-1 receptors in P2 rat brain homogenates (400-500 µg/sample). Non-specific binding was
determined in the presence of 10 µM haloperidol. After a 120 min incubation at 25 oC, the assays were
terminated with the addition of 5 mL ice-cold 10 mM Tris HCl, pH 8.0 and vacuum filtrated through
glass fiber filters (Whatman GF/B, Brandel, Gaithersburg, MD) that were pre-soaked for at least 30 min
with 1% polyethyleneimine (Sigma, St. Louis, MO). The filters were then washed twice with 5 mL icecold buffer, and the filter disks subsequently placed in Ecoscint cocktail (National Diagnostics, Manville,
NJ). Counts were extracted from the filters for at least 8 h prior to quantification with a scintillation
counter (Beckman LS 6500, Beckman Instruments, Fullerton, CA).

Western blot
Immediately after completion of the behavioral measurements in the FST for a select cohort of
mice, they were sacrificed by decapitation. Brains were then removed and bilateral hippocampus and
frontal cortex samples dissected, flash frozen and stored at -80° C. Tissue was homogenized and lysed in
radioimmunoprecipitation assay buffer (RIPA) buffer (Teknova, Hollister, CA) containing protease
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inhibitors (cOmplete ULTRA Protease Inhibitor Cocktail Tablets; Roche, Indianapolis, IN) and
phosphatase inhibitors (phosSTOP Phosphatase Inhibitor Cocktail Tablets; Roche), and centrifuged at
13,000 g for 30 min at 4 °C. The supernatant was assayed for total protein concentrations using
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). Samples were run at 20 or 30 µg of
protein/well using Bolt Bis-Tris Plus 10% pre-cast 15-well gels (Life Technologies, Grand Island, NY) in
combination with 2 x Laemmli sample buffer (Bio-Rad, Hercules, CA). Gels were run using a Bolt Mini
Gel system (Life Technologies) and in 2-(N-morpholino)ethane sulfonic acid (MES)-sodium dodecyl
sulfate (SDS) Running Buffer (Life Technologies). After electrophoresis, gels were transferred to ImmunBlot Low Fluorescence polyvinylidene difluoride (PVDF) membranes (Bio-Rad) using a Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad). Each tank was filled with Tris/glycine buffer containing 20%
(v/v) methanol, and transfers were carried out at 65V for 2 h on ice. Blots were incubated with Odyssey
blocking buffer (LI-COR Biosciences, Lincoln, NE) for 1 h at room temperature and then with the
appropriate primary antibodies overnight at 4 °C (rabbit anti-pro-BDNF, 1:600, Alomone Labs,
Jerusalem, Israel; rabbit anti-BDNF, 1:200, Alomone Labs; or mouse anti-α-tubulin, 1:100,000,
Cambridge, MA). After washing with Tris-buffered saline containing 0.1% Tween 20, the blots were
incubated with the secondary antibodies (IRDye 800CW goat anti-mouse or 700CW goat anti-rabbit,
1:10,000, LI-COR Biosciences) containing 0.01% SDS for 45 min at room temperature. Visualization
was carried out with an Odyssey Classic Infrared Imaging System (LI-COR Biosciences). Detected bands
were quantified using Image Studio Lite Software (LI-COR Biosciences), normalized to relevant αtubulin values, and expressed as a percent of control density within individual blots.

Neurite outgrowth cell culture
Neurite outgrowth assays were performed as previously described with minor changes (Robson,
2012). Briefly, frozen PC12 cells purchased from American Type Culture Collection (Manassas, VA)
were thawed and grown in complete media: Roswell Park Memorial Institute (RPMI) 1640 medium with
10% horse serum, 5% fetal bovine serum, and 0.5% penicillin/streptomycin, all purchased from
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Invitrogen (Carlsbad, CA). Cells were passaged by mechanical dissociation from culture flasks with
Dulbecco's Phosphate-Buffered Saline (DPBS), and resuspended in RPMI 1640 medium with a minimal
level (0.5%) of fetal bovine serum at 1.5x104 cells/mL. A very low concentration of serum was used to
minimize the endogenous sterols that might be present in the serum and can bind to sigma-1 receptors
(Takebayashi et al., 2002). To find the optimal nerve growth factor (NGF) concentration for use in
subsequent studies with drugs of interest, NGF (Alomone Labs, Jerusalem, Israel) was added to final
concentrations of 0.039, 0.078, 0.156, 0.3125, 0.625, 1.25, 5.0, and 10.0 ng/mL. For the subsequent
neurite outgrowth experiments, NGF was added to a final concentration of 0.3125 ng/mL with or without
several drugs. Cells were plated at 1 mL/well in 24 well plates precoated with poly-D-lysine and laminin
(Corning, Corning, NY) at 1 µg/cm2. Plates were then incubated at 37 °C, 5% CO2 for 48 h.

Quantification of neurite outgrowth
Neurite outgrowth was estimated by using Integrated Modulation Contrast (IMC) microscopy
(Leica DM IL, Leica Microsystems Inc., Buffalo Grove, IL) and was quantified as the percentage of cells
bearing neurite processes of about 1 cell diameter or more in length. The magnification of the IMC
microscopy was 10-fold. Cells with neurites were counted approximately every 60 cells per field with
three fields in each well. The field was selected from three separate areas (upper, middle, and bottom) in
one well. At least three wells (i.e., average of >180 cells) were routinely used for each experimental
condition. The counting was performed in a blinded manner. Cells in clusters were not included.

Data analysis
Data from all experiments were analyzed using GraphPad Prism 5.0 (San Diego, CA) by
Student’s unpaired t-test or one-way analysis of variance (ANOVA), followed when applicable by posthoc Dunnett's or Tukey's multiple comparison tests. The correlation between locomotor activity and
immobility time was analyzed by Pearson’s r correlation test. The Kd and Bmax were determined using
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nonlinear regression and subsequently analyzed by unpaired t-tests. Data were represented as mean ±
SEM. P<0.05 was considered statistically significant for all data analyzed.
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